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Abstract

A multitude of human diseases stem from infections caused by
enveloped viruses. For enveloped viruses, the infection begins with
virions attaching to the surface of host cells, and then sets off a fusion
process between viral and cellular membranes, enabling the viruses to
penetrate the host cells. Grasping the molecular intricacies of how
enveloped viruses enter cells is of utmost importance for the
advancement of novel vaccines and therapeutics targeted at this process.
Despite the wealth of insights provided by experimental studies into the
entry of enveloped viruses, the finer details of their molecular
mechanisms, particularly their dynamic aspects, remain significantly

underexplored.

This thesis centers around unraveling the kinetics and
thermodynamics involved in the process of enveloped viruses entering
cells. The approach taken involves utilizing atomic force microscopy
(AFM)-based single molecule force spectroscopy (SMFS) to investigate
the interaction between viruses and receptors at an individual virus level.
Notably, a specialized AFM-SMFS operating in height-clamp mode was

developed to dissect the binding of fusion peptides to the lipid membrane.

We initially studied Ebola virus (EBOV) binding to vital receptors: the
C-type lectin dendritic cell-specific intercellular adhesion molecule-3-
grabbing nonintegrin receptor (DC-SIGNR) and the T-cell Ig and mucin
domain 1 (TIM-1). We demonstrated that EBOV, activated by host
enzymes, exhibits a preference for binding to TIM-1 over DC-SIGNR. TIM-
1, binding to glycoprotein or phosphatidylserine in the envelope,

functions as a dual-receptor for EBOV. Through analysis of kinetics and

I



thermodynamics at the single virus level, we confirmed EBOV's strong

affinity for both receptors.

Our subsequent focus was on the interaction between the fusion
peptide of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-
2 FP) and the host membrane. We demonstrated that cholesterol within
the membrane, as opposed to sphingomyelin, increases the affinity of
SARS-CoV-2 FP binding to the lipid membrane. Notably, the internal
disulfide bond of SARS-CoV-2 FP was found to play a crucial role in
enhancing its binding to the membrane—a conclusion supported by
single-molecule kinetics and thermodynamics analyses. Additionally, we
observed effective inhibition of SARS-CoV-2 infection through cholesterol

removal from target cell membranes.

In summary, this thesis uncovers new insights into enveloped virus
entry mechanisms, spanning different steps and viruses. Additionally, the
AFM experiments and theories introduced could have broader
applications in studying novel virus-cell interactions and protein-

membrane processes.
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Foreword

Pandemics are among the greatest global challenges, causing massive
economic losses and posing a serious threat to human life and health.
These pandemics are caused by viruses, most of which are enveloped
viruses, including the Ebola virus and Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2). Infection with enveloped viruses
begins when the virus enters a host cell. Understanding the molecular
mechanisms of enveloped viruses during cell entry, therefore, helps to
address current challenges. Although structural and molecular ensemble
studies have characterized the entry process of these viruses and
provided a wealth of insights into the interactions between the viruses
and the target cells, the molecular mechanisms of entry into the cell have
not yet been elucidated. In this context, the aim of my thesis is to
investigate the molecular mechanisms of these viruses during cell entry. [
have studied the interactions of Ebola virus with receptors and the effects
of host protease during these interactions. In particular, I studied the
fusion peptide of SARS-CoV-2 that binds to the host membrane.
Consequently, the work focused on the specific kinetics and
thermodynamics of these processes to elucidate and focus knowledge on

the entry of the enveloped virus.
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General introduction

Chapter 1:

General introduction

This section outlines the two main scientific topics that support this
work: i) the general mechanisms of enveloped virus entry into host cells,
ii) and the use of atomic force microscopy (AFM) to investigate the early
binding steps to host cells at the single virus level. In the frame of this
thesis, we will focus on studying the molecular mechanisms of receptors-
binding and membrane fusion of the Ebola virus (EBOV) and the Severe
Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). Moreover,
state-of-the-art concepts related to the theory and principle of AFM and

the study of viral infections at the single molecule level are presented.

1.1 Entry mechanism of enveloped viruses

General features of viruses

Viruses exist in all aspects of our environment, including atmosphere,
seawater, and minute soil particles. Since the discovery of the first tobacco
mosaic virus in 1898, a causative agent of disease that infects tobacco
plants, more than 10,000 of the millions of virus species have been
described in details (1). Considered non-living organisms, viruses are
infectious agents that exclusively depend on living cells, including
bacteria, plants, and mammals in order to replicate. Examples of common
human diseases caused by viruses include Influenza, Common cold, Lassa
fever, and Varicella (2), as well as many serious diseases such as Smallpox,

Rabies, Acquired Immunodeficiency Syndrome, Ebola virus disease, and
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COVID-19, are also caused by viruses (3). A viral disease (or viral infection)
occurs when an organism is invaded by pathogenic viruses, and the
infectious virus particles (virions) succeed in binding to and entering
susceptible cells. In this context, better understanding the molecular
mechanisms utilized by viruses to obtain access to the cell interior is a

critical research issue.

Once inside the cell, viruses hijack the replication machinery of the
host and use it to generate the necessary proteins and nucleic acids for
assembling new virus particles. These molecules are produced based on
the viral genetic material, which contains all the information needed to
generate descendant virus particles. This genetic material can be either
deoxyribonucleic acid (DNA) or ribonucleic acid (RNA). Viruses have a
diverse collection of genomes that vary in size, ranging from 1,000 to
250,000 nucleotides. These genomes can exist in either circular forms or
linear forms, as seen in human papillomavirus and herpes viruses
respectively (4). Furthermore, the size of the viral genome has a direct
influence on the size and shape of viral particles (5) Therefore, the wide
range of virus genome sizes results in a diverse range of particle sizes and
structures (5, 6). For example, SARS-CoV-2 is spherical with a diameter of
80-100 nm and EBOV is filamentous with a total length of up to 1400 nm

and diameters of only about 80 nm (7).

As the viral genetic material is fragile, it is enclosed within an
architecture of protein capsids to shield it from potential harm that may
be caused by physical and chemical factors, such as nucleases and
radiation. The packaging strategies of viruses are generally related to the
type of genome. For instance, a molecular motor is used to pack the

genomes of double-stranded DNA viruses into their capsid shell, and a
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cooperative mechanism is employed to assemble the genomes of single-
stranded DNA or RNA (8). The capsid proteins and their packaged

genomes ultimately dictate the characteristics of geometry and size.

Notably, most viruses are considerably smaller than bacteria and cells,
it can only be visualized using high-resolution imaging instruments such
as transmission electron microscopes (9). Further classification of viral
particles is employed based on the presence or absence of an outer lipid
bilayer, derived from the host cell membrane, known as a viral envelope
that surrounds the whole capsid. Those virus particles possessing a lipid
coating are referred to as enveloped viruses, while those without are

labelled non-enveloped viruses (Figure 1.1).

Non-Enveloped virus Enveloped virus
Y g capsid protein
| — psid p
genetic material
N (RNA/DNA)
T attachment proteins ———

lipid membrane envelope

Figure 1.1: Schematic showing basic features of non-enveloped (left) and enveloped
(right) virus particles. Non-enveloped viruses are constituted of nucleic acid shielded by
capsid proteins, of particular note are the surface attachment proteins. In enveloped
viruses, the capsid is surrounded by a lipid bilayer envelope in which attachment proteins

are embedded (10).
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The viral envelope consists of phospholipids and neutral lipids
(predominantly cholesterol) derived from host cell membranes during
the assembly and budding phases of the viral lifecycle. The viral proteins
only associate with particular lipids during budding, thus even while all
of the lipids in the viral envelope come from the cell, their relative
proportions do not necessarily match those in the cell membrane (11).
Moreover, the viral surface is decorated with particular attachment
proteins (either a capsid protein for the non-enveloped viruses or an
envelope glycoprotein for the enveloped viruses), which usually play a
significant role in the initial stages of viral attachment to host cells. These
viral attachment proteins play a crucial function in targeting and
recognition of host cell receptors required for surface adhesion and

cellular internalization.

The interaction between viruses and cell surfaces is a complex
cascade involving a spectrum of specificity levels (12). At the outset, these
interactions are relatively non-specific in nature, primarily serving to
bring the virus in close proximity to the cell surface. They also facilitate
the virus's diffusion along glycan structures that coat the cell membrane,

creating a conducive environment for the next steps of infection.

In the early stages of this interaction, viruses typically engage with
low-affinity, non-specific primary receptors (12-14). These primary
receptors are often broadly distributed on the cell surface and exhibit a
general affinity for viral particles. An example of such a primary receptor
is heparan sulfate proteoglycan, which is found on the surface of many
cells. Viruses, such as herpes simplex virus (HSV), initially interact with
heparan sulfate proteoglycans (15, 16), allowing them to attach to the cell

surface.
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Once tethered to the cell surface, the virus then begins its quest for a
specific secondary receptor (I12). This secondary receptor is
characterized by a higher affinity for the virus and is essential for
mediating the virus's entry into the host cells. For instance, in the case of
HSV, the virus eventually encounters a specific secondary receptor known
as herpesvirus entry mediator (HVEM) (17). This interaction is much
more selective and tightly regulated, ensuring that the virus gains access

only to host cells that express the appropriate secondary receptor.

The engagement of the virus with this specific secondary receptor
triggers a series of events, such as conformational changes in viral
envelope proteins or the activation of cellular signaling pathways (12, 18).
These processes are instrumental in facilitating viral entry into the cell,
initiating replication, and ultimately enabling the virus to complete its

infectious life cycle.
Host tropism and receptors of enveloped viruses

Individual virus taxa are only able to infect a limited range of host cells
and/or tissues, depending on the availability of key cell surface factors
and receptors. This selectivity and specificity are referred to as viral
tropism and is the reason that without the accrual of mutations, infection
is frequently limited to one or two host species. Over the course of
evolution, each virus has developed tailored strategies to first bind the
cell surface and hijack host cell machinery, enabling cell entry and
subsequently replication within the cytoplasm. In most cases, the host
tropism of viruses for their specific host(s) relies on two factors: the viral
attachment proteins (from this point forward, referred to as glycoproteins)

and the receptors present on host cells.
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In addition to glycoproteins, a lipid membrane surrounds the exterior
of enveloped viruses. The ability of enveloped viruses to penetrate host
cells and infect them is commonly connected to membrane characteristics
(e.g. lipids and glycoproteins), because viruses employ them to recognize
host cell receptors and initiate internalization into host cells. Moreover,
the viral lipids and glycoproteins have a significant impact on different
phases of viral life cycles, such as helping adenovirus and influenza virus

to evade the host immune system (19, 20).

Productive infection of enveloped virus is initiated through the
landing of a virus particle to a cell surface. During this phase, viral surface
components (either viral glycoproteins or lipids) contact the cell surface
and bind to attachment factors (such as heparan sulfate proteoglycans
and other glycans) (21). These interactions are currently thought to be
nonspecific in the initial stages, being driven by electrostatic forces that
serve as the foothold for the virus to eventually find and bind to specific
entry receptors. The nonspecific attachment of the virus to the surface of
the cell allows for lateral diffusion across the outer membrane, eventually
leading it to encounter specific entry receptors consequently activating
viral entry pathways. For instance, the attachment of the vesicular
stomatitis virus is made stronger by a specific phospholipid known as
monoacylglycerol (22). The glycoprotein of the human immunodeficiency
virus (HIV) connects to cell surfaces through cell adhesion factors, such
as integrins and intercellular adhesion molecules (Figure 1.2) (23). Once
bound, the virus subsequently recruits and attaches to protein receptors
(CD4) and chemokine co-receptors (CCR5/CXCR4) before initiating
membrane fusion (Figure 1.2) (24). In the case of influenza viruses, the

first step in entry and infection involves binding to sialylated glycan
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receptors on host cells using glycoproteins and glycolipids (Figure 1.2)
(25). Consequently, the specialized surface membrane lipids and
glycoproteins of enveloped viruses play a role in the initial interactions of

the virus and the host cell surface.

Usually found in the inner leaflet of living cell membranes (26) and
exposed on the cell surface upon cell death, phosphatidylserine (PS) is a
lipid component recognized by circulating phagocytes in order to clear
apoptotic debris through employing various types of PS-binding
receptors (27). This PS also accumulates within viral envelopes and can
in turn be used to exploit various types of host PS-recognizing molecular
mechanisms to facilitate the early binding steps of virus, such as T cell
immunoglobulin mucin protein family (TIMs) (28). These proteins have
become recognized as a novel group of cell surface proteins that may play
a role in controlling different physiological functions that may be
exploited by viruses (29). Two specific proteins, TIM-1 and TIM-4, have
been found to interact with viral PS, which enables them to facilitate the
absorption of dying cells (Figure 1.2) (30) and enhance the infection
caused by various types of enveloped viruses (31, 32). Protein S and Gas6,
vitamin K-dependent proteins with high structural homology (33), have
also been found tho play a crucial role in attaching viruses to the surface
of cells. They act as bridges between the viral PS molecule on the viral
membrane and the TYRO3-AXL-MERTK (TAM) receptors on the cell
surface (34, 35). Additionally, some enveloped viruses can employ
another type of lipid, phosphatidylethanolamine (PE), to engage the PE-
binding receptor CD300A4, allowing them to adhere to host cells, such as
Dengue Virus (36). In addition to particular proteins and lipids found on

the viral surface, glycans on glycoproteins can be extremely important in
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pathophysiological processes.

More generally, enveloped viruses have proteins on their surface that
are highly glycosylated. These glycans are modified on the viral proteins
during post-modification of proteins after synthesis by the host cell. Early
binding steps of numerous enveloped viruses rely on the interaction
between glycosylation of viral proteins and glycan-binding receptors of
host cells. A subfamily of glycan-binding receptors known as C-type lectin
receptors (CLRs) have a structurally conserved carbohydrate-recognition
domain (CRD) involved in the binding to glycans (Figure 1.2). CLRs have
a crucial function in the infection process of many enveloped viruses. For
instance, DC-SIGN and DC-SIGNR, belonging to the CLRs family, enhance
infection and dissemination of Marburg virus, SARS-CoV-2, and Ebola
virus (EBOV) by binding to the viral glycoprotein (37). HIV attaches to the
host cell surface via the lectins Langerin and macrophage mannose
receptors (38), and the asiaglycoprotein receptor also interacts with the
hepatitis B and C viruses (39, 40), demonstrating that numerous viruses

employ lectin binding to promote their infectivity (Figure 1.2).
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Viral mermyang Enveloped virus

& Glycoproteins P
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: TIM-1/TIM-4 i
| AXIITYRO3 CD300A DCIR, DC-SIGN,
3 i L-SIGN MGL, MR
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e
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CD4;CCRS/CXCR4 (HIV) ASGPR, p-GR, SA
ACE-2 (SARS-CoV-2) Host cell BDCA,GLEC, CRD
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Figure 1.2: Examples of attachment factors and entry receptors utilized by select
enveloped viruses. The specialized surface glycoproteins and lipids of enveloped viruses,
as well as the glycans on glycoproteins, bind to the specialized receptors on the cell surface
to trigger viral infection and endocytosis. Abbreviations: CD4, cluster of differentiation 4;
CCRS5, C-C chemokine receptor type 5; CXCR-4, C-X-C chemokine receptor type 4; ACEZ,
angiotensin-converting enzyme 2; Axl/TYRO3, tyrosine-protein kinase receptor encoded
by the Axl/TYRO3 gene; TIM-1/TIM-4, T-cell immunoglobulin and mucin domain 1/4;
CD300A, cluster of differentiation 300A; DCIR, dendritic cell immunoreceptor; DC-SIGN,
dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin; L-SIGN, c-
type lectin domain family 4 member M encoded by the CLEC4M gene; MGL, Monoglyceride
Lipase; MR, mannose receptor; ASGPR, asialoglycoprotein receptors; 3-GR, glucocorticoid
receptor f3; SA, salicylic acid receptors; BDCA, blood DC antigen; CLEC, C-type lectin

receptor; CRD, carbohydrate recognition domain.
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Mechanisms involved in infections by enveloped virus

Enveloped viruses rely on host cells for metabolic and replication
functions during their life cycle, as they are obligate intracellular
parasites (41). Although enveloped viruses vary widely in terms of host
species and viral taxon, generally most undergo the same fundamental
steps of the viral life cycle. The life cycle of an enveloped virus can be
conceived of in several major stages: attachment, entry, uncoating,

replication, assembly, and release/budding (Figure 1.3).

N
\\ ;
2 i Cytoplasm ?.

)i/ Replication

Nucleus

Assembly . -

Figure 1.3: A classic schematic of the viral life cycle. Virions bind to a target receptor and
fuse with the host cell membrane allowing it to internalize into the cell. After fusion, the
viral genome is replicated in cytoplasm or nucleus, viral proteins are produced, and
subsequently undergo assembly with the viral genome. Homogeneous mature virus

particles undergo and then egress through the cellular membrane.
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To begin the infective cycle, an enveloped virus has to release its
genetic material into its host cell. As previously mentioned, viral invasion
begins when the lipids or glycoproteins of the viral envelope bind to
specific factors on the host cell surface (42). By this way, virus particles
are concentrated on the cells surface by a variety of attachment factors,
and then brought into close proximity to more specific receptors
responsible for virus entry into host cells. Those specific receptors
interact with the enveloped virus through their glycoproteins or lipids. As
a result of these interactions, multiple cellular signaling pathways are
triggered. The enveloped viruses are internalized via one of several
endocytic mechanisms, including cell membrane fusion, clathrin or
caveolin-mediated endocytosis, clathrin-independent endocytosis, or

macropinocytosis (43) (Figure 1.4).

HIV, RSV, SARS CoV, SARS CoV,

SARS CoV Influenza, HIV Influenza EBOV, RSV, VACV, HIV
Clathrin Clathrin Macropinocytosis

Cell-surface mediated independent

fusion endocytosis endocytosis

g

NG

3 um

100 nm

| Attachment and entry factors Dynamin

= == Clathrin-coat

Figure 1.4: Schematic illustrating several common entry mechanisms utilized by
enveloped viruses: After binding to receptors, some viruses can fuse their envelope with
the host membrane on the cell surface. Most internalized viruses are delivered to the early
endosome via vesicular (clathrin- or caveolin-coated vesicles) or tubular intermediates.
Other viruses can be endocytosed by mechanisms that are independent of the coat protein
clathrin. Larger viral particles (such as EBOV) require ingress pathways with increased
cargo capacity and thus utilize mechanisms such as macropinocytosis, which is induced

by actin-dependent cell extensions to envelop the virion.
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In some cases, the fusion of enveloped viral with the host cellular
membrane occurs at the host cell surface. For example, HIV fusion with
the host cell membrane occurs after the attachment of envelope
glycoproteins to cell surface receptors, catalyzing membrane fusion (44).
Fusion events that takes place at the cell surface does not require a low
pH, but do necessarily need a receptor (45). Co-receptors (one of multiple
members of the chemokine receptor family) will also aid in determining
the susceptibility or not of certain cell types. For instance, CD4 binding
causes a conformational change in HIV glycoproteins (gp120/gp41),
increasing proteolytic cleavage of the gp120 moiety, favoring glycoprotein
binding to the co-receptor (46). Fusion arises from co-receptor
attachment, likely as a result of the co-receptor's induction of
glycoprotein dissociation, fusion peptide exposure, and refolding (47). In
other cases, the fusion of membranes requires the virus to be taken into
endocytic compartments, where the fusion process is initiated by the

lower pH and protease content within maturing endocytic compartments.

Endocytic entry pathways offer several advantages for enveloped
viruses (Figure 1.4). By virtue of their entry vesicles, these viruses can
utilize actin- or microtubule-based transport to relocate within the cell
after being internalized. This mechanism eliminates the need for the virus
to supply accessory proteins. Moreover, initially these enveloped viruses
manage to avoid detection by the immune system as initially there is no
evidence of infection at the cell surface. Additionally, specific proteases
present in trafficking vesicles, such as furin and cathepsins, can facilitate
fusion of the enveloped viruses membrane with the endocytic
membranes through proteolytic activation (43). Host cells possess several

mechanisms to take in materials from their surroundings, such as

12
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clathrin-mediated or independent endocytosis and micropinocytosis
(Figure 1.4). These mechanisms enable the cells to engulf different types
of enveloped viruses, which vary in size and shape. These entry vesicles
can range from small clathrin-coated pits measuring around 100 nm
through to larger macropinosomes, which can be as big as 10 um (Figure
1.4). Finally, each pathway, initiated by different receptors, will determine
the critical cell factors (such as actin and dynamin), which are essential
for the formation, closure, and scission of primary entry vesicles from the

membrane (43, 48).

Once a virus has entered a host cell, the subsequent stages of the viral
life-cycle are triggered, including uncoating, replication and assembly.
Enveloped viruses hijack proteins and organelles within host cells to
complete their replication process. Cellular components essential for
viral gene expression and replication are frequently organized into a
replication center, where the proteome and genome required to create
virions are synthesized (49). Some viruses replicate in the cytosol,
whereas others such as herpesviruses and influenza viruses is navigated
to the nucleus for replication (50). These replicated proteins and nucleic
acids eventually lead to the formation of new virions. The last stage of
viral replication is the release of the new virions produced within the host
cell to finish the life cycle (Figure 1.3). These daughter virions are then

able to infect adjacent cells and repeat the replication cycle.
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Ebola virus (EBOV)

Within the enveloped virus, Ebola virus (EBOV) is a negative-sense,
single-stranded RNA virus from the filoviridae family. The EBOV leads to
severe hemorrhagic fever in both humans and other primates, with
mortality rates reaching up to 90% (51). The Ebola virus genus has been
circulating in several African countries since Belgian virologists Groen
and Piot first discovered the Sudan Ebolavirus species in 1976 (52). The
most significant outbreak to date occurred between 2014 and 2016 in
West Africa, and resulted in more than 2,000 fatalities (53). In February
2021, the Democratic Republic of the Congo declared the re-emergence
of an Ebola epidemic, which has caused international concern and
apprehension (54). Although in December 2019, a vaccine against EBOV
was approved, at current, a drug for the treatment of ebolavirus disease
is not available. Improving our understanding of EBOV infection
mechanisms could provide new clues for developing prevention and

treatment strategies.

The EBOV genome contains seven linearly arranged genes and is ~19
kb in length, encoding seven corresponding structural proteins (Figure
1.5). The viral genomic RNA is surrounded by a helical nucleocapsid
protein (NP). Expression of the virion associated protein viral protein 30
(VP30), VP35 and RNA polymerase L, are required for the transcription
and replication of the viral genomic RNA (55, 56). VP24 and VP40 are
involved with viral assembly and budding to form the filamentous virions
(57). A viral surface glycoprotein (GP) is embedded in the viral envelope
and is required for virus binding to host cell receptors and cellular
membrane fusion. In addition, it has recently been shown that the PS

present in the viral envelope is also involved in viral binding to cell

14



General introduction

receptors and necessary for the membrane fusion (58).

Envelope

Figure 1.5: Schematic representation of mature EBOV virion. EBOV possesses a
filamentous architecture and is approximately 80 nm in diameter and 1000 nm long.
Nucleoprotein (NP) forms a protein-RNA complex by encasing the viral RNA genome. The
virion-associated protein VP24, transcriptional activator VP30, polymerase cofactor VP35,
and polymerase L interact with the viral RNA genome. The matrix protein VP40, which
surrounds this comple, is primarily responsible for regulating virion shape and budding.
These internal elements are enclosed in phosphatidylserine (PS)-containing lipid bilayer,

which also contains trimers of the glycoprotein (GP) spike.
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EBOV surface glycoprotein (GP) and phosphatidylserine (PS)

A trimeric protein consisting of 676 amino acids, EBOV GP contains an
extracellular topological domain, a transmembrane helical domain, and a
cytoplasmic domain (Figure 1.6a). The trimeric GP complexes consist of
GP1 and GP2, which are two distinct subunits formed from the GP
precursor cleaved by furin in the producer cell. GP1 is not directly
anchored to the viral envelope, but instead forms a disulphide linked

complex with GP2 at the virion surface (59).

In mature virions, GP1 is responsible for the binding to host cellular
receptors, whereas GP2 is required for the fusion of virus and host
membranes. The viral surface GP forms a cup shape, with the three GP1
subunits protruding outwards, bound together at the bottom by the three
GP2 fusion subunits (59). During the membrane fusion process, GP1 is
released from the GP1-GP2 complex. Subsequently, a significant
conformational change occurs in GP2, transforming it from a metastable
prefusion state to a more stable six-helix bundle. The stable post-fusion
GP2 consists of a long and triple-stranded coiled coil, the three heptad

repeat, and the outside shorter helices (60).

Each of GP1 and GP2 subunits have different subdomains. The head of
GP1 is the receptor binding domain, which is decorated with a glycan cap
with several N-linked glycosylation sites (59, 61). This glycan cap is
surrounded by a flexible, heavily N- and O-glycosylated, mucin-like
domain (62). The mucin-like domain is quite flexible and is involved in
EBOV cell entry and immune evasion (63). The GP2 subunit contains an
N-terminal peptide, an internal fusion loop, and two heptad repeats that
flank a CX¢CC switch region (59). Many structures have been determined

for filovirus GP in complex with antibodies, revealing a variety of antibody
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epitopes that target different regions of the protein. These epitopes
include the stalk of GP2, as well as the glycan cap, receptor-binding site,
head, and mucin-like domain of GP1, revealing that an array of sites on GP

can be targeted by antibodies in response to immunization or natural

infection (64-67).
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Figure 1.6: Overall structure of EBOV GP and PS. The crystal structure of EBOV GP reveals
a three-lobed chalice-like structure. a The Glycan cap (blue) covers its top to shield the
head domain (green), which mediates attachment to host cells. The stalk (yellow)
connects the glycoprotein to the viral membrane proximal through a base subdomain in
which the fusion loop (pink) is located on top. b Schematic of PS, showing components of
the polar head, Serine (pink), Phosphate (green), Glycerol (grey), and non-polar tail, which
consists of two fatty acids ester-linked to the first and second carbons of glycerol and

serine phosphodiester-linked to the third carbon of glycerol.
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Usually located in the inner layer of the cell membrane of healthy cells,
PS is a glycerophospholipid, with a structure consisting of a polar head
(including the phosphoserine group, a glycerol backbone, and serine) and
a non-polar tail of two fatty acid chains (Figure 1.6b). Upon virus egress,
PSis externalized onto the outer leaflet of the viral envelope EBOV virions
(68). As PS is a marker for apoptosis it is likely that EBOV utilizes
apoptotic mimicry as a mechanism to facilitate its entry into scavenging
and immune cells (28). Studies detailing the exact role of PS are needed,
and may lead to the development of new broad-spectrum antivirals

targeting the PS-dependent infection process.

EBOV attachment and entry mechanisms of GP- and PS-dependent

The first crucial stage in the effective infection of EBOV is the landing
and attachment of free virions to the host cell surface. Two types of
receptors have been well-documented to bind EBOV, C-type lectins
(carbohydrate-binding receptors) and PS-specific receptors, which
mediate virion attachment to the host cell surface (69). As noted
previously, the glycan cap on EBOV GP is highly glycosylated with N- and
0-glycans (62), the presence of these glycans favours EBOV entry, as they
serves as a ligand for multiple C-type lectins including: lymph node
sinusoidal endothelial cell C-type lectin (LSECTin) (70), human
macrophage galactose- and acetylgalactosamine-specific C-type lectin
(hMGL) (71), asialoglycoprotein receptor 1 (ASGPR1), dendritic cell-
specific [ICAM-3-grabbing non-integrin (DC-SIGN) (72, 73), and
liver/lymph node-specific ICAM-3 grabbing non-integrin (L-SIGN, also
called DC-SIGNR) (72, 73). These C-type lectins are receptors that are
expressed in a variety of cells and interact with specific carbohydrates.

For instances, DC-SIGN is expressed on myeloid cells, while L-SIGN is
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expressed on some endothelial cells, both bind to high mannose (74).
LSECtin (which is expressed on liver and lymph node sinusoidal
endothelial cells), ASGPR1 (which is expressed on hepatocytes), and
hMGL (which is expressed on macrophages) bind to N-
acetylglucosamine-f31, galactose, and N-acetylgalactosamine, respectively
(75). It should be noted that other C-type lectins likely interact with the
glycans of GP and thus play an important role facilitating EBOV infection,
such as mannose-binding lectin (MBL) and ficolin-1 (76, 77).

Another group of receptors are those that bind PS, which
predominantly belong to two major subfamilies: TYRO3-AXL-MERTK
(TAM) receptors and T cell immunoglobulin mucin domain receptor
(TIMs). TAM receptors were identified to increase EBOV infection (78).
Interaction between TAMs and PS is bridged by a serum protein known
as growth arrest-specific factor 6 (Gas6), and a second PS-binding serum
protein (Protein S) (79). Both Gas6 and Protein S contain glutamic acid
residues in their N-terminal domain which enable binding to PS.
Additionally, they have a globulin-like structure in their C-terminal region
that binds to the Ig-like domains of the TAM receptors (80). Two TIM
family members (TIM-1 and TIM-4) have also been identified to facilitate
for EBOV cell entry (58, 81). The immunoglobulin variable-like domains
(IgV) of these TIMs have a conserved binding pocket specifically for PS
(82, 83). This binding pocket enables a direct interaction with PS from the
outer leaflet of the EBOV envelope membrane (32). Both TAMs and TIMs
have been identified to increase EBOV infectivity, however, those

interactions are poorly described from a thermodynamic point of view.
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Figure 1.7: Schematic representation of EBOV host factors and entry. Following
interaction with attachment factors, the virion is internalized by the macropinocytosis
pathway. Inside the membrane-bound vesicle, GP is cleaved by cysteine proteases to
activate its fusogenic potential. Cleaved GP is then able to interact with the specific NPC1
viral receptor triggering the fusion between the viral envelope and the
endosomal/lysosomal membrane, leading to viral genome release followed by
transcription and replication.

After binding to its target receptor, EBOV is internalized into
macropinosomes and reach their intracellular destination through
interacting with multiple host factors (84). EBOV are internalized through

amacropinocytosis pathway (85, 86), which in contrast to other pathways,

can handle cargo sizes up to the micron scale (87). Internalization is
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initiated in an actin-dependent manner, wherein a protrusion extends
from the cell membrane and then invaginates to create macropinosomes
(88). This process leads to extracellular EBOV virions being engulfed into
entry vesicles, which through endocytic processing develop into early
endosomes and subsequently traffics to the late endosome or lysosome
(84). The EBOV GP is then cleaved by cathepsins L and B in a low pH-
dependent manner within the endosome to expose the receptor binding
domain of 19 kDa (85). The exposed domain interacts with the late
endosomal protein, Niemann-Pick C1 enabling the release of the EBOV
genome into the cytoplasm and to start the virus replication (87) (Figure

1.7).

Since attachment of EBOV to the surface of host cells is the very first
step in its life cycle (Figure 1.7), focusing on this stage is critical for
defining EBOV biology and pathogenesis and for discovering vaccines and
therapeutic treatments. Despite the great potential of preventing and
inhibiting EBOV attachment through targeted virus-receptor interactions,
and despite the numerous molecules that have shown beneficial effects,
few such antiviral drugs have been approved and are effectively used
against EBOV diseases (61, 64, 66, 90-92). Therefore, gaining new
insights into the molecular details of viral attachment to cell surface
receptors is critical to effectively advance the development of anti-EBOV

strategies based on receptor-binding inhibitors.
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Severe acute respiratory syndrome coronavirus 2 (SARS-Cov-2)

The coronavirus disease 2019 (COVID-19) pandemic, caused by the
novel SARS coronavirus 2 (SARS-CoV-2), has spread rapidly across the
globe since it the first reported in 2019. As of February 22, 2023, more
than 757 million confirmed cases of COVID-19 have been reported
worldwide, which have resulted in approximately 6.8 million deaths (93).
This disease is mostly transmitted through airborne droplets containing
infectious virions. The SARS-CoV-2 virions can survive inside the droplets
for days under appropriate humidity and temperature (94). COVID-19
disease shows multiple characteristics, including fever, cough, sore throat,
and headache. COVID-19 typically results in modest signs and symptomes,
but infection can also lead to a more severe form of the disease
particularly in those with pre-existing conditions or lowered immunity.
To stop the pandemic COVID -19, many efforts have been made in recent
years to better understand the molecular mechanism underlying the
infection of SARS-CoV-2. However, the understanding of the molecular

mechanism of SARS-CoV-2 infection is still incomplete.

In terms of phylogenetics, SARS-CoV-2 belongs the subgenus
Sarbecovirus of Betacoronavirus, which are known to undergo zoonosis
(95). This particular taxon has close genetic homology with its relatives,
for instance bat-derived severe acute respiratory syndrome like
coronaviruses, severe acute respiratory syndrome coronavirus (SARS-
CoV), and Middle East respiratory syndrome coronavirus, share 88%,
79%, and 50% sequence identity with SARS-CoV-2 respectively (96).
Despite slight variation at some amino acid residues in genome sequence,
SARS-CoV-2 has a similar receptor-binding domain structure with SARS-

CoV. SARS-CoV-2 also relies on angiotensin-converting enzyme 2 (ACE2)
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which was originally identified in 2003 as the primary receptor for SARS-
CoV to enter cells (97, 98).

As with other members of its genus, SARS-CoV-2 is an enveloped and
positively sensed single-stranded RNA virus. The viral particles of SARS-
CoV-2 are spherical virions with a diameter of approximately 80-120 nm
(99). The SARS-CoV-2 RNA genome encodes four major structural
proteins, including spike (S), envelope (E), membrane (M), and
nucleocapsid (N) (Figure 1.8a). In addition, the viral proteome also
contains approximately 16 nonstructural proteins and five to eight
accessory proteins. To form virions, the M protein is responsible for the
shape and assembly of the virus and leads to the formation of the mature
viral envelope with the assistance of the E protein. The SARS-CoV-2
genomes are encapsulated by N proteins and combined with structural
proteins. They are surrounded by a lipid envelope that contains a
combination of the membrane (M), envelope (E), and spike (S) proteins,
leading to the assembly of the complete virion. The S protein is a
homotrimer forming a spike-like structure at the virion's surface and
playing a key role in host cell binding. Surface glycoproteins of enveloped
viruses, including EBOV and coronaviruses, are cleaved by enzymes of
host cells after the infection. Unlike other coronaviruses, the SARS-CoV-2
S protein is cleaved into S1 and S2 subunits by proprotein convertases
such as furin during their biosynthesis in the infected cells (100). It has
been found that certain proportion of cleaved S2 subunit exists on the

surface of native virus particles (101).
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Figure 1.8: Schematic structure of SARS-CoV-2 and its trimeric spike protein. a The
majority of the viral structure is made up of structural proteins such as spike (S),
membrane (M), envelope (E), and nucleocapsid (N). The viral envelope, a lipid bilayer
produced from the host cell membrane, contains the S, M, and E proteins. b The N protein
interacts with the viral RNA in the virion's core. The architecture of SARS-CoV-2 S is highly
glycosylated, comprising the S1 and S2 subunits. The S1 consists of the N-terminal domain
(NTD), receptor-binding domain (RBD), and C-terminal domain (CTD). S2 is located on
the viral membrane, containing fusion peptide (FP), heptad repeats 1 and 2 (HR1 and

HR2), transmembrane domain (TM), and cytoplasmic tail (CT).

SARS-CoV-2 surface spike protein (S)

As previously mentioned, the GP of EBOV forms a heterodimer
consisting of 676 residues connected by a disulfide bond between GP1
and GP2. In contrast, the spike protein (S) of the SARS-CoV-2 virus is a
larger heterodimer comprising 1273 residues that are non-covalently
linked between the S1 and S2 subunits. One of the distinctive features of
the virus, SARS-CoV-2 S protein is a type | membrane protein anchored to
the viral membrane by its transmembrane segment. Identified through
use of x-ray crystallography and cryo-electron microscopy, various

structural conformations of S protein have been observed. These
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independently discovered structures are mostly in agreement with one
another, allowing us to understand both the overall architecture and
atomic structural details of S protein. In the prefusion conformation, the
S protein forms a trimer, every monomer can be divided into two subunits
(S1 and S2) (Figure 1.8b). S1 can be further divided into several
subdomains, including the N-terminal domain (NTD), receptor-binding
domain (RBD), and C-terminal domains (CTDs) (102). The wrapped
prefusion S2 by S1 subunits consists of a central helical bundle with
heptad repeat, transmembrane segment, and the cytoplasmic tail (103).
Among the structures identified, the RBD can be found in an ‘open’ or
‘closed’ conformation corresponding to a receptor-accessible state and a
receptor-inaccessible state respectively (101, 104). In the post-fusion
state, conformational changes or receptor binding lead to S1 subunit
dissociation from S2, while S2 undergoes a substantial refolding and

rearrangement to form a stable six-helix bundle (105).

The NTD of the S1 subunit consists mainly of an antiparallel (-
sandwich fold and a number of connecting flexible loops, decorated by
glycans. It plays a functional role in SARS-CoV-2 entry, which facilitate the
prefusion to post-fusion transition of the S protein and is identified by
NTD-targeting neutralizing antibodies (94, 106, 107). Similarly, the CTDs
of S1, connecting the NTD and the RBD on its two ends, are also formed
by B-structures of segments and can be divided into two regions, CTD1
and CTD2. CTD1 is located beneath the RBD and can help it pivot
outwards to reach the receptor-accessible state. CTD2 is linked to S2
subunits by a cleavage site consisting of a polybasic sequence that can be
cleaved by furin and is a key element for the structural rearrangements of

S protein required for membrane fusion (108).
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The RBD of S protein consists of a core of the twisted antiparallel 3
sheet connected by the a-helices and an extended loop (109, 110). In the
closed conformation of prefusion S protein, RBD is constrained by the
central helical bundle of S2 subunit, which dependent on the CTD1 of the
same protomer and the NTD of the neighboring protomer, preventing its
binding to the ACE2 receptor. To ensure receptor engagement, RBD is
required for the transition from the closed to the upward conformation.
Binding of the ACE2 receptor to an open RBD then leads to other RBD
transition to an open conformation (104). Notably, the RBD is the major
target for neutralizing antibodies after natural infection or vaccination.
There are three major non-overlapping antigenic sites on the RBD: the
directed neutralizing antibodies of RBD, the exposed surface of the RBD,
and the buried side of the RBD (111). The high potency of these antibodies
makes them promising therapeutic agents. Moreover, a recombinant
human ACE2 was also shown to successfully prevent SARS-CoV-2
infection in vitro (112). Although the efficacy and safety profile of these
antibodies and recombinant proteins still require further validation, they
are potential inhibitors of viral entry and thus could potentially

ameliorate the threat or severity of the COVID-19 disease.

Sructural analysis revealed that S2 subunits have both prefusion and
post-fusion conformations. The prefusion conformation of the S2 subunit
is stabilized by the formation of a stable three-stranded coiled-coil bundle
surrounding the central helices. The fusion peptide, is tucked into a
pocket formed by two neighboring S protomers and serves as an
important functional unit on the S2 subunits as it is required for
membrane fusion. The prefusion conformation undergoes a transition

that can insert the fusion peptide FP into the target cell membrane,

26



General introduction

subsequently an irreversible structural refolding and rearrangement
occurs resulting in the post-fusion conformation (113, 114). The stability
of the post-fusion conformation of S2 is significantly higher when
compared to that of the prefusion state. It is important to note that post-
fusion S2 is not only present after membrane fusion but is also widely
spread across the surface of the mature virion (101). The post-fusion S2
also undergoes glycosylation modifications, which have the potential to

play critical roles in viral infections and immune responses. (114).
SARS-CoV-2 attachment and fusion mechanisms of S-dependent

One of the essential tasks of the spike protein is to facilitate viral
attachment to the target cell surface via its specific receptors. As the main
receptor for SARS-CoV-2, ACE2 interacts with the S protein RBD in the
very early stages of the infection process. (115). The interface between
the RBD of the S protein and ACE2 forms interaction networks of multiple
residues to result in a high binding affinity. As mentioned previously, the
sequence and structure of the spikes of the SARS-CoV virus from 2002
and SARS-CoV-2 are very similar, although the RBD of SARS-CoV-2 S
protein shows a 10 times higher affinity to ACE2 (102). This huge
difference explains why SARS-CoV-2 spread more easily through the
population than did the previous virus. Research has shown that SARS-
CoV-2 enters the body primarily through the respiratory and
gastrointestinal tracts, but can also infect cells of the kidneys, liver, heart,
brain, and blood (1116). Due to the ability of SARS-CoV-2 to infect
different organs, it is possible that other host receptors aid in viral spread
in vivo. As such, several SARS-CoV-2 candidate receptors have been
suggested (117), including heparan sulfate (118), sialic acid (119), Axl
(120), NRP1 (121), and DC-SIGN/L-SIGN (122), which could act as an
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alternative entry point or play cooperative functions to identified entry
pathways. These host factors represent attractive targets for antiviral

therapy as they are genetically more stable than viral targets.

Upon receptor engagement, the dissociation of S1 from S1-S2 complex,
followed by major conformational changes in the S2 subunit, initiates
virus-host cell membrane fusion (Figure 1.9). In addition, the S2’ site is
also primed to fully expose the fusion peptide either by TMPRSS2 on the
cell surface or by cathepsin L in endosomes. In both cases, the
hydrophobic fusion peptide is exposed to insert into the target-cell
membrane or endosomes. S2 subunit undergoes a significant
conformational change, especially in the heptad repeat 1 region,
propelling the fusion peptide forward into the target membrane,
initiating membrane fusion (105). Finally, the formation of a fusion pore
between viral and cellular membranes allows viral RNA to be released

into the host cell cytoplasm for replication.

Host membrane
L

Binding Activation Insertion Fusion

N Time

Figure 1.9: Model of interaction between SARS-CoV-2 and the host cell membrane. The
interaction between hACE2 on the host cell membrane and SARS-CoV-2 prefusion S on the
viral envelope triggers S1 dissociation. Subsequently, S2 unfolds and inserts into the host

membrane. Refolding of S2 to a post-fusion state leads to membrane fusion.
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As mentioned earlier; several vaccines and therapeutic agents against
RBD of S proteins have been produced, and some of them have been
approved and are successful against COVID-19 diseases (99, 110, 112).
Unfortunately, RBD has a high number of mutations that lead to the
different variants and the failure of vaccines and therapeutics (123). In
contrast, all coronaviruses share a highly conserved domain and
mechanism of membrane fusion (124, 125). However, there are currently
no effective preventive or therapeutic treatments for fusion processes and
domains. Therefore, understanding the mechanism of the fusion domain
that mediates membrane fusion has the potential to be used for
prophylaxis or therapy and to inform the development of vaccines that

elicit broadly protective immunity.

In general, the infection process by an enveloped virus commences
when the virus attaches itself to the host cell's surface. Subsequently, a
complex series of events unfolds to complete the infection process,
involving receptor binding and fusion with the cell membrane.
Understanding the intricacies of these early steps in enveloped virus
infection is a pivotal challenge in biology and a crucial step towards the
development of vaccines and antiviral agents to combat diseases caused
by enveloped viruses. To delve into the molecular mechanics of enveloped
virus entry during the initial stages of infection, we utilized AFM to
investigate the interactions between the glycoprotein of the EBOV and
host cell receptors, as well as the interactions of the fusion peptide of

SARS-CoV-2 with the host cell membrane.
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1.2 Atomic force microscopy as a powerful
technique for studying the viral entry

mechanisms

Atomic force microscopy: setup and principle

For biologists, the ability to directly visualize the structure and
function of macromolecules is a long-held dream, and microscopy has
always been a crucial technique in this field. Optical microscopes have
spatial resolution (typically from hundreds of nanometers to
micrometers) and can track the location of tagged proteins. Although
these methods have proven successful in capturing the dynamic behavior
of various proteins, the resolution is limited. These techniques do not
provide detailed information about the dynamics of protein interactions
at the single-molecule level. This means that we still need to draw
conclusions about the functioning and dynamics of protein molecules

based on the recorded optical data.

In 1986, this status quo changed with the invention of atomic force
microscopy (AFM) (126). This technique is characterized by its ability to
visualize atoms on flat surfaces. Because AFM can work in fluids,
pioneering scientists soon applied it to biological systems. These studies
were mainly conducted in two directions: (i) acquiring high-resolution
images of biological samples and (ii) exploring the functions of
biomolecules. Regarding the first direction, Andreas Engel's laboratory
obtained high-resolution images of several proteins, including
bacteriorhodopsin embedded in a lipid membrane (127, 128) and a

regular surface layer of proteins on bacterial cell envelopes (129). As part
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of the second line of study, which focuses on the function of biomolecules,
AFM imaging was performed to study dynamic processes such as the
binding of antibodies to proteins (130), the infection of living cells by a
virus (131), and many others (132).

Quadrant
photodiode Laser
Cantilever
liquid ™~ W~
v % - Substrate
Feedback control \ Léﬁam
Piezqelectric ner

Figure 1.10: Schematic representation of the AFM. A conventional optical feedback AFM
system works by scanning an AFM probe with a sharp AFM tip over a sample surface in a
raster pattern. AFM tips are usually made of silicon or silicon nitride and are placed near
the free end of a flexible AFM cantilever. The lateral and vertical position of the AFM probe
relative to the surface is controlled by a piezoelectric ceramic scanner. The deflection of
the AFM cantilever changes as the AFM tip passes over objects of different heights. A laser
beam reflected from the back of the AFM cantilever and directed into a position-sensitive
photodetector tracks this deflection. A feedback loop controls the vertical extent of the
scanner to ensure a nearly constant deflection of the AFM cantilever and thus a constant
contact force. The AFM tip coordinates acquired during the scan are extracted to obtain a

three-dimensional topographic representation of the surface.

32



General introduction

AFM uses a sharp nanoscale tip to detect minute forces from the
sample surface based on the interaction between the tip and the sample
surface. Due to the highly localized nature of the atomic force, nanoscale
features can be resolved by raster scanning the tip across the surface
while a feedback loop keeps the force constant (Figure 1.10). AFM is
capable of imaging almost any type of surface by using various feedback

signals to maintain the tip-sample interaction.

Distance feedback mode (also called contact mode) is the most direct
AFM mode. In contact mode, the tip is brought in contact with the sample
surface and the force between the tip and the sample is kept constant by
the feedback loop to adjust the distance during scanning. The change in
distance (4z) of the cantilever deflection caused by the tip-sample contact
can be used to measure the vertical contact force as k. x 4z, where k. is
the cantilever spring constant. The resolution of the image produced by
AFM in contact mode depends on the applied force, which is determined
by the cantilever spring constant. Since the tip is in contact with the
surface during scanning, a significant shear force can be generated,
resulting in damage to sample, especially for very soft biomolecules and
living cells. To minimize this damage, itis advisable to use a soft cantilever

when examining biological samples.

Since the invention of the AC mode (also called amplitude modulation
mode or tapping mode), the contact mode is rarely used for biological
samples in solution except for very low-height samples (133). In AC mode,
the cantilever oscillates at (or near) its first resonant frequency.
Therefore, the tip intermittently contacts the sample. The AC mode is
further divided into amplitude modulation (AM), phase modulation (PM),

and frequency modulation (FM) modes, each of which respectively uses
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an amplitude change, a phase shift relative to the cantilever's excitation
signal, and a resonant frequency shift for feedback control to keep these
quantities constant (134). For AM-AFM and PM-AFM, the cantilever
excitation frequency is usually set to the original peak frequency. The
oscillatory response of the cantilever is modified by intermittent tip-
sample contact. For biological samples, the phase delay caused by
damping interactions is generally very small when tip-sample
interactions are weak, resulting in a broad drive frequency. For FM-AFM
in liquid, the cantilever is excited by a self-oscillating circuit so that the
drive frequency is always set to the varying resonant frequency of the
cantilever. To make the oscillation as large as possible, the cantilever tip
should almost always be in the range of the repulsive force. Therefore, the
recommended range for the cantilever vibration amplitude is typically 0.4
nm or less. Because of this limitation, FM-AFM is only suitable for samples

with small surface roughness (134).

Of these noncontact methods, the AM method is most commonly used
for imaging biological samples in solution because it is simple, stable (and
causes little disturbance to the sample), and the amplitude of the
cantilever oscillation is not limited. The amplitude of the oscillation can
be reduced not only by the energy dissipative damping interaction, but
also by the phase shift or delay. As a result, the amplitude signal is
somewhat more sensitive to the tip-sample interaction than the phase
shift and resonant frequency shift, although the sensitivity of these values
varies depending on other parameters such as the amplitude of the free

oscillation of the cantilever and the resonant frequency (134).
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AFM-based high-resolution and/or high-speed imaging

In the resolution, AFM is determined by the properties of the atomic
wavefunctions of the tip and sample. The vertical AFM resolution (also
called sensitivity) is mainly limited by the thermal noise of the deflection

detection system. For the optical lever system, the thermal noise of a free

. . /4k T
rectangular cantilever can be calculated by the equation 4z = 3i , where

kg is the Boltzmann constant, k is the spring constant of the cantilever, T
is the absolute temperature. Most commercially available AFM
instruments achieve a vertical resolution in 0.01 nm, which is not

surpassed by other traditional surface analysis techniques.

The high lateral resolution of the AFM is closely related to its vertical
resolution in sub-A level (126). By analogy with light microscopy, the
lateral resolution of AFM is defined as the minimum detectable distance
between two sharp spikes of different heights (Figure 1.11). This
minimum detectable distance (d) is related to the tip curvature radius of
the tip (R) and the vertical resolution (4z), assuming a small relative
height (4h) of the two peaks: d = V2R (VAz + VAz + Ah). In this context,
the sharpness of the tip is the key resolution-limiting factor (135). The
resolution of AFM is determined by the geometry of the probe, which is
different from optical microscopy. Because AFM tips have limited
sharpness, the apparent width of a surface feature is greater than its
actual width, as shown in illustration Figure 1.11. To accurately interpret
the dimensions of the observed topography, tip convolution is a crucial

factor to consider.
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Figure 1.11: Schematic representation of AFM resolution. Two sample spikes of various
heights are scanned by the tip of the radius of curvature R. The minimum lateral distance
d resolvable by the tip depends on the measurable limit of the dimple Az and the relative

height 4h of the two spikes.

The exceptionally high resolution and signal-to-noise ratio of AFM
have made it possible to determine the structure and functional state of
numerous membrane and water-soluble proteins (136, 137). AFM has, for
example, visualized the morphological dynamics of cells (138), and the
growth of pathological amyloid fibrils (139), and provided insights into
the functioning of pores in the outer bacterial membrane (140), nuclear
pore complexes (141), ribonucleic acid (142) and lipid membranes (143).
Other exciting examples were the observation of the infiltration of
pathological toxins into membranes (144) and the supramolecular
architecture of photosynthetic membranes that change in response to

light (145). Thanks to these studies, static structural models could be
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complemented by functional dynamics (146).

Achieving atomic resolution with AFM on biological samples remains
a challenge, as this has only been accomplished for hard samples. The best
resolution achieved on membrane proteins was ~ 1 nm in the vertical
direction and ~ 0.1 nm in the lateral direction, which allowed the
detection of sub-structural features of individual membrane proteins
(147). The key factors limiting lateral resolution are the sharpness of the
cantilever probe and the control of probe-sample interactions. The
resulting topography is a convolution of the surface structure of the
sample and the shape of the stylus, which physically follows the contours
of the sample surface. Consequently, sharper tips with smaller radii can
capture higher-resolution images. However, even a sharp tip can not
produce a high-resolution image if the forces between the tip and the
sample are not precisely controlled. More sensitive AFM devices and
imaging modes that allow controlled application of forces with

piconewton (pN) precision would improve the resolution of the image.

The relatively low temporal resolution of AFM imaging is a significant
disadvantage compared to fluorescence microscopy. In recent years,
tremendous technological advances have enabled an improvement in
imaging speed, providing a means to study dynamic molecular processes.
Among AFM components, the cantilever is the main limiting factor for
AFM speed. To achieve high speed (HS-AFM), the response time of the
cantilever must be shortened. It is also important to suppress the
mechanical vibrations of the Z-scanner, which moves at much higher
frequencies than X- and Y-scanners (148, 149). The current HS-AFM has a
temporal resolution of less than 100 ms, a lateral resolution of 2-3 nm,

and a vertical resolution of ~0.1 nm, with these measurements causing
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little disturbance to sensitive biological samples. Despite this moderate
resolution, HS-AFM remains the most important technique for
simultaneously assessing the structure and dynamics of individual
molecules during their functional activity. HS-AFM has been continuously
and increasingly performed on a wide variety of protein molecules,
demonstrating the innovative power of this novel microscopy to reveal
details of dynamic molecular action that are inaccessible to other

approaches (150-152).
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AFM-based single molecule force spectroscopy and dynamic

force spectroscopy

In addition to capturing topographic images, the AFM is capable of
providing a wealth of nanomechanical data about the surface or sample
under investigation. The instrument can be used to measure the force felt
by the cantilever when the probe tip is brought close to a sample surface.
The basic goal of AFM force spectroscopy is to acquire force-distance (FD)
or force-time (FT) curves that measure the force applied to or felt by the
AFM tip as a function of the distance between the tip and the sample
surface or as a function of time. As the tip approaches the sample, touches
it, applies pressure to it and then moves away, we can evaluate the
physical properties of the sample, such as its elasticity and adhesion. The
functionalized tip or cantilever with cells, biomolecules, or chemical
groups allows us to measure the adhesion of single cells and specific

interactions.

Among the rapidly expanding single-molecule techniques, AFM-based
single-molecule force spectroscopy (SMFS) stands out as the best
approach for studying intra- and inter-molecular forces with excellent
spatial resolution and force sensitivity from 1 pN to 100 nN (153). Early
versions of SMFS were designed to explore specific ligand-receptor
combinations, such as the intensively studied streptavidin-biotin binding,
complementary DNA strands, and antibody-antigen couplings, all grafted
at low density onto the AFM tip and sample surface (154). The study to
determine the specific binding forces between ligand-receptor pairs
establishes the essential criteria that form the basis for subsequent SMFS
studies. Nowadays, AFM-based SMFS is improved by a number of factors,

including (i) revising the geometric shape, size, and materials of the tips,
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(ii) reducing non-specific interactions between the tip and the sample,
and (iii) using molecular linkers to tether the binding partners to give
them sufficient flexibility so that their interaction is not disturbed by the
linker while revealing the “fingerprint” of a specific force. Researchers are
now able to study a variety of biological systems, including cell adhesion,
single-cell sorting, cell mechanics, membrane assembly, protein
(un)folding pathways, enzyme kinetics, ligand-receptor (un)binding and

DNA mechanics (155, 156).
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Figure 1.12: Schematic representation of single molecule force spectroscopy, force
volume, and quantitative imaging. Generation of force-time curves (top) and force-
distance curves (bottom) with SMFS. The Z-piezo brings the functionalized AFM tip from
the initially away surface into contact with the sample until a certain force threshold is
reached (approach curve in blue). During retraction (retraction curve in red), adhesion
forces are observed at a distance that depends on the presence of a polymeric linker that
tethers a molecular probe of interest to the AFM tip. FV records force curves for each pixel
of the samples scanned by the tips, which can be analyzed to extract the adhesion force

and elastic modulus of the samples.
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AFM tips typically have radii of curvature in the range of 1-100 nm and
can be positioned with nanoscale precision over the biosystem of interest
to capture biomolecular interactions and biophysical properties of a
specific structural or morphological region. AFM-based SMFS imaging can
plot FD curves for each pixel of the resulting sample topography. Force-
volume (FV)-AFM is another name for this AFM mode, which provides
biophysical maps of the various physical properties of the sample. At FV-
AFM, the tip deflection is modulated by a triangular waveform. A
topographic image is combined with the acquisition of force-distance (FD)
curves at each pixel of the image. Adhesion maps, modulus maps, etc. can
be extracted from the resulting force-volume image (Figure 1.12). The
method was demonstrated as a proof-of-concept by photographing a
streptavidin pattern with a biotinylated tip and comparing topography
and adhesion maps representing the separation of single streptavidin-
biotin bonds (157). Similar research was conducted to map the
distribution of a substrate covered with pure intracellular adhesion
molecules using AFM tips functionalized with antibodies (158). FV-AFM
has quickly become a preferred tool for the analysis of a wide range of
biological materials due to its ability to map biophysical properties at

high resolution (159).

A bond or complex is shifted from the equilibrium state to the non-
equilibrium state when it is pulled apart under different mechanical loads
using AFM-based SMFS. The force-load rate, denoted by LR, is the rate at
which the external force acting on the molecule under study increases
with time (Figure 13a and b). The plot of the forces required to rupture
the bond over a wide range of force loading rates shows a transition from

near-equilibrium mechanics to far-equilibrium mechanics, followed by an
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increasing strength regime (160). This plot of the rupture force as a
function of loading rate is termed dynamic force spectroscopy (DFS) and
investigates the free energy landscape of dissociative and associative
bonding, which is normally inaccessible in bulk assays. To assess the
stochastic process of bond dissociation and to extract the kinetic and
thermodynamic properties of binding from AFM-based SMFS
measurements out-of-equilibrium and near-equilibrium, a variety of
widely used theoretical frameworks of biophysical models exist (160-

162).
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Figure 1.13: Extraction of kinetic and thermodynamic properties of specific biomolecular
interactions from dynamic force spectroscopy. a, b Representative force-distance curves
were plotted at different retraction velocities (from 0.1 to 20 pm s-1) on the model surface
and showed specific adhesion events. Force- time curve where the slope of the curve
extracted just before the unbinding event is determined to extract the loading rate
(LR=AF/At). c The interaction forces of a (bio)molecular bond over a wide range of loading
rates allow the parameters describing the binding free-energy landscape to be extracted.
These parameters include the binding free-energy difference AGy, between the bound
state and the unbound state, AG# the reaction barrier of the transition state, the distance
xp separating the bound from the transition state, and the transition rates kon» and ko d, e,
f There are several biophysical models for interpreting the DFS data. Based on various
hypotheses discussed in the text, the resulting theoretical relationships between force

versus loading rate are presented schematically.

Noncovalent bonds have limited lifetimes and dissociate under nearly
any amount of force when pulled on for a long enough time. If the

dissociation durations of the noncovalent bonds in complexes increase
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strictly exponentially with the applied force, then those bonds are said to
be "ideal bonds". An ideal bond is represented by a bound state that is
separated from the unbound state by a single energy barrier positioned
at a fixed distance xp. For an ideal bond, the transition between bound and
unbound states exhibits first-order kinetics in their on-rate (ko,) and off-
rate (kop) rates (Figure 1.13c). The free-energy differential AG,, between
the bound and unbound states is commonly used to describe the
thermodynamic bond strength. The height of the crossing entry barrier
(AGp) and exit barrier (4G#), in relation to the unbound state, respectively,
affects the kinetic on and off rates in an exponential manner. The binding
free energy AGy is equal to the difference between the free energy
barriers AG*-AGp,, and the dissociation constant at equilibrium is

represented by their ratio Ko/ kon.

According to physics, the strength of an isolated bond is proportional
to the force required to separate the two binding partners. The analogous
quantity for a macromolecule in solution is the gradient of free-energy in
the direction of the pulling force. If all molecular motions and the
cantilever reaction are fast compared to the motion in this direction, then
the molecular partners should separate "spontaneously” after the
externally applied force exceeds the steepest free energy gradient (163).
From a purely mechanical perspective, it appears that the strength of
bonds is not affected by the height of the energy barrier or other features
of the energy landscape, except for the maximum gradient. This suggests
that there may be a hidden aspect of the energy landscape that does not
affect bond strength (161). In fact, when a force is applied to a bond of
complex, a mechanical potential is added that tilts the free energy

landscape and reduces the free-energy barrier to dissociation,
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accelerating the process of bond dissociation. Bonds dissociate orders of
magnitude faster when pulled by forces many times the thermal force

(fs=ksT/xp), i.e. the force exerted on the bond due to thermal fluctuations.

To explain how an external force pulling on a bond lowers the
activation free energy barrier toward dissociation, Bell derived a
theoretical model from Kramers' analytical reaction rate theory. This
model recovers the Arrhenius dependence of the dissociation rate on the
height of the free-energy barrier (ko < exp(-A4G/ksT)). It bases on an
assumption that the activation energy is large compared to the thermal
energy scale, AG > kgT. The presence of an external pulling force F along
the reaction coordinate "tilts" the internal binding potential and shortens
the lifetime of the bond (160, 164). According to one assumption of the
Bell model (Figure 1.13d), the separation of the bound state from the
transition state along the reaction coordinate, xg must remain constant
under the influence of the external force and the externally applied force
is assumed to be constant in time. The force-dependent unbinding rate is

described as:

koss(F) = kopr (0)exp (GO,(_BF:B) (1

Where the ko F) is the off-rate of bonds under a force, ko{0) is the off-
rate of bonds at equilibrium, Gy is the energy of the bond at equilibrium,

kg is the Boltzmann constant), and T is the temperature.

Evans and Ritchie, starting from the Bell model, looked at the AFM
investigations using cantilevers to break molecular interactions in a way
similar Hooke’s stretching. As the cantilevers retract, they exert a
pressure that increase proportionally to the distance, leading to a general

explanation for the distribution of rupture forces observed in SMFS (163).
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The most likely rupture force F in the thermally activated regime scales
linearly with the logarithm of the loading rate as predicted by the Bell-

Evans model (BE) for a single dominant barrier to rupture as:

LR

F*(LR) = fgIn (—fﬁkoff(o)

)its =5 2

The dependence F*~ In LR can account for nonlinear strain of elastic
force transducers, such as polymeric linkers (165). The BE model has
been widely used to explain the kinetics of various molecule bonds (166-
168). Based on the BE model, Williams and Evans developed the
predictive Williams-Evans (WE) model, which depicts multivalent
interactions as uncorrelated bonds loaded in parallel (169). These
multivalent interactions can be obtained from the predictive model as

follows:

LR = ko (?;BT) [Z?,:l liz €xp (;j;l;)]—l )

However, the BE model has some limitations, and as the experiments
became more dynamic, deviations from the expected behaviour were
noted. At high forces, when the transition barrier and the well must
necessarily converge until they finally merge at a critical force when the
barrier potential evaporates, the assumption of a force-independent xz is

not always valid.

Dudko, Hummer, and Szabo (DHS) revisited the assumption in the BE
model that the distance to the transition state, x3, does not depend on the
externally applied force (Figure 1.13e). The DHS model implies that the
free-energy potential well and the barrier eventually merge at a critical
force when the barrier to rupture disappears, focusing on an external
force that scales up linearly in time (170). This model incorporates the BE

model as a limiting case, but predicts that, in general, both the logarithm
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of the lifetime at constant force and the average rupture force are
nonlinear functions of the force and the logarithm of LR, respectively. The
DHS formalism adds a parameter to the BE model that enables a smooth
interpolation between different potential shapes, namely the apparent
free energy of activation AG". The DHS model has been validated as a
simple method for determining the force-dependent lifetimes t(F) from

rupture-force histograms collected at different pulling speeds:

1-= i
(F) =1, (1 _ (aj;f» @ p—BAG*[1-(1~(aFxp/AG*))a] )

The scaling factor a specifies the nature of the underlying free-energy
profile (171): a = 1/2 corresponds to a cusp-shaped potential, while a =
2/3 corresponds to a linear-cubic binding potential. The BE expression is
recovered for a = 1. The advantage of the DHS model is that it largely
eliminates the need to make model-dependent assumptions about the

functional form of t(F).

According to the DHS model], it is possible to include the molecular
linker in the calculation of LR (170). The equation LR = k.v can be used to
calculate the loading rate at which a rupture event occurs. LR represents
the loading rate in newtons per second (N/s), k. is the cantilever spring
constant in newtons per meter (N/m), and v is the retraction velocity in
meters per second (m/s). The loading rate for two molecules connected
by a linker, and following the dynamics of a worm-like chain (WLC) can

be accurately modelled with the following equation:

-1
_ (1 2B1cl, (1+BFLy)
LR =v (kc + 3+SBFlp+8(BFlp)5/2) ()

In this equation, the retraction velocity is denoted by v, the contour
length by I,  as ksT, and I, as the persistence length of the system

containing the linker or peptide. The first term in the brackets represents

47



Chapter 1

the contribution of the loading rate of the cantilever, while the second
term represents the contribution of the loading rate of the molecular
linker. The advantage is that the DHS model absorbs the influence of

flexible polymeric linkers in a force-dependent loading rate:

v _ 1 dl(F)
LR k., dF (6)

where v is the retraction velocity, k. is the spring constant of the cantilever,
and [(F) is the force-dependent extension of the linker (172). The bond

lifetime, t(F), is approximated by the following equation:

T(<F2>—<F>2 Yz
2

o(F) = B ™)

Where <F?> is the mean squared rupture force at a given loading rate LR.

The BE and DHS models are extensively used to extract kinetic
information from SMFS experiments, while the estimation of
thermodynamic parameters is still a challenge. A theoretical foundation
for estimating thermodynamic parameters is provided by the fluctuation
theorems, which include the Jarzynski equation and its generalization,
and the Crooks fluctuation theorem (173-176). This theory has shown
how to estimate the difference in free-energy between the bound and
unbound states from an irreversible non-equilibrium process to bridge

the gap between statistical mechanics equilibrium and nonequilibrium.

A Friddle-Noy-de Yoreo (FNdY) model (Figure 1.13f) predicts that
the DFS representation of a complex bond attached to a force transducer
consists of two primary regimes, a near-equilibrium regime of the bond-
transducer system characterized by an equilibrium force F., and a kinetic
regime characterized by a fast rupture of a bond in non-equilibrium (162).

According to the FNdY model, the transition rates of rebinding and
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unbinding intersect at F.q:

Foq = 2kerrAGpy (8)

kckii
keff — cllinker (9)
kctkiinker

The mean rupture force is defined as:
<F>=Fq+fzn(1+eR(Fy)) (10)

R(FeQ) = koff(;eq)fﬁ (11)

Where kos{Feq) is the unbinding rate scaled by the Boltzmann weighted
energy of a spring extending between the location of the barrier and the
relative displacement of the spring minimum under F, kegis the effective
spring constant of the transducer, 4Gy, is the equilibrium free energy, y is
Euler’s constant. The FNdY model has been extensively used in recent FD-
based AFM studies that map (bio)chemical information and where

nonlinear DFS plots have been obtained (177-179).

The extraction of kinetic on-rate coefficients from force spectroscopy
experiments is achieved by varying the contact times. the binding
frequencies (BF) are determined for different contact times (t, the time
the tip is in contact with the surface) (180-183). With increasing contact
time, the interaction time (1) also increases. The relationship between t

and BF is described by the following equation:
— (t=to)
BF = A[1—exp (- =2)] (12)

To relate measurements obtained at the single molecule level to bulk
measurements, k., must be converted to a concentration dependent on-
rate with units of M-1s-1. The ko, assumes that the interaction follows

pseudo-first-order kinetics:
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1 3
E*‘l-ﬂ.'reff*NA

kon = (Ceff'l')_l = (13)

3npT
Where N, is the Avogadro constant =6.023x1023 /mol, ny, is the number of
binding partners (typically 1) within a free volume accessible to the
molecule tethered to the tip, rer is the radius of the sphere. The

dissociation constant for the binding reaction is then Kp = kog/kon.
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AFM-based force distance curve and multiparametric imaging

For the dynamic AFM technique, there are two fundamental
disadvantages of imaging in the tapping mode modulated by amplitude,
phase or frequency. First, it is difficult to control the normal force acting
on the sample surface. Second, imaging in tapping mode is limited to
measuring the amplitude and phase shift, which depends on a large
number of variables such as elasticity, viscosity, adhesion, and surface
charge. There is no straightforward way to separate the influences of four
or more variables with only two measurable quantities. To overcome
these inherent problems, the force-distance (FD) curve-based AFM mode
was introduced (also called the Peak Force tapping or off-resonance
tapping mode) (184). Peak Force tapping mode modifies the Z-piezo in a
sinusoidal low-frequency oscillation mode at < 4 kHz with a wide range
of peak force amplitude. The imaging feedback signal is then the highest
interaction force of each of these force curves. As the system scans the tip
across the sample, the system feedback loop maintains the instantaneous
peak force at a constant value by adjusting the extent of Z piezo. Unlike
the tapping mode, where the feedback loop keeps the oscillation
amplitude of the cantilever vibration constant, Peak Force tapping
controls the maximum force (Peak Force) on the tip. This minimizes the
contact force between the tips and the sample at the same time that

protects the sample from damage.

As previously stated, FV-AFM has limitations, such as very large forces
used in topographic imaging, long acquisition (15-90 min) and low lateral
resolution (>20-30 nm). Furthermore, due to discontinuities at the
turning point of the cantilever between the approach and retraction

segments, artifacts can occur when the force curves are acquired at high
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speed. These limitations were removed by the FD-based AFM mode,
which introduced a sinusoidal waveform as an alternative to the
triangular waveform characteristic of FV-AFM. FD-based AFM records
hundreds of thousands of FD curves per topography to map mechanical
properties and interactions. Commercially available AFMs take tens of
minutes to record this amount of data. Therefore, fast measurements are
desirable to reduce image acquisition time and enable mapping of
dynamic biological processes. Moreover, FD-based AFM mode has evolved
into a nanoscopic tool that enables imaging of biological systems and
simultaneous mapping of their numerous features at the nanoscale or
sub-nanometer scale (185-189). The tip of an oscillating cantilever is
approached and retracted from the sample. The path of a laser reflected
from the cantilever to a position-sensitive detector changes as the tip
interacts with the sample surface and is deflected by approach and
retraction. An oscillating tip is raster-scanned over the surface sample as
it performs the single approach and retract motion, recording FD curve
for each pixel. The curves are then analyzed to obtain the mechanical
properties of the sample (adhesion, modulus, deformation, and
dissipation) and the information is sent to one of the image data channels

while imaging continues at the usual imaging speed (Figure 1.14).
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Figure 1.14: Force curves and information from FD-based AFM. Plotting force and piezo
Z position as a function of time, including jump-to-contact, peak force, and adhesion. In a
conventional force curve, the time variable is eliminated and the force is plotted against Z
piezo position. Pixel by pixel, the AFM tip is approached (blue curve) towards the sample
and retracted from it (red curve). For fitting purposes, it is more useful to plot the force
against the separation, where the separation is calculated from the Z piezo position and
the deflection of the cantilever. The parameters extracted from the individual force curves
can be displayed as in the forms of maps, e.g. the topography of the sample (height image)
contoured at a certain imaging force, the adhesion force, the deformation of the sample,

and the work of dissipation.

Functionalization of the AFM tip with chemical groups, ligands,
receptors or viruses allows the detection of specific interactions with
their interaction pairs. Furthermore, this technique allows the
simultaneous mapping of these interactions onto the topography of the
sample. Examples include the mapping of chemical groups, glycans, or
proteins on the surfaces of bacterial and mammalian cells (190, 191), the
electrostatic properties of membranes (192), membrane proteins (193,
194) and the interactions between ligands and human G protein-coupled
receptors (178, 187, 189). It has also been shown that two ligands can
bind to the same receptor and that larger protein complexes can image

ligand binding events with great precision (2-5 nm) (195-197). In

53



Chapter 1

conjunction with a new theoretical model, the approach has been
extensively used to image biomolecules and quantify the biophysics of

these samples (159).

In complex biological systems, AFM suffers from the difficulty of
identifying the detailed morphological and structural information in the
image. Although recognizing imaging can identify and localize one or a
few components (195-198), the complexity of, for example, a cell surface
with its thousands of different biomolecules (e.g. sugars, lipids,
membrane proteins, associated water-soluble proteins) is extremely high.
This situation is further complicated by the fact that biomolecules
dynamically assemble and disassemble into macromolecular complexes
depending on the functional state of the cell. Therefore, it is difficult to
correlate the physical information observed by AFM with cell state,
morphology, and compartments. Combining FD-based AFM with optical
microscopy (e.g. super-resolution optical microscopy and confocal
microscopy) is an interesting way to overcome this problem (179, 199,
200). Details of the structures and properties as well as their specific
composition in molecules or in the membrane can be addressed by AFM-
based imaging. Fluorescence microscopy is used to image and map the
correlated large compartments and structures and to monitor and

localize processes in the cell.

As a proof-of-concept, this advanced approach was used to map the
first binding steps of pseudotyped rabies viruses to MDCK cells
engineered to express viral receptors to facilitate virus binding and entry
(179). The combination of FD-based AFM with confocal microscopy
allows the simultaneous imaging of cell surfaces expressing fluorescently

labelled viral receptors and topographic mapping of their binding to
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single viruses at high-resolution (<50 nm). The confocal microscopy
images, AFM topography, and virus adhesion maps showed that rabies
viruses only bind only to cell surfaces expressing the fluorescently labeled
receptor, while they cannot bind to adjacent cells lacking the receptor.
Furthermore, a theoretical framework was also established to extract the
mechanical, kinetic, and thermodynamic parameters that govern the
complex interactions of virus with cell surface receptors. This approach
contours the free-energy landscape of a virus binding to cell surface
receptors in living systems and provides mechanistic insights into how
viruses initiate infection via successive binding events that enhance their

binding to the host cells.

The method is very versatile and is currently used to map the
interaction of different types of viruses, such as herpesviruses (167, 201),
reovirus (166, 202, 203), SARS-CoV-2 (119, 122, 181, 182), and Rotavirus
(183). In one such case, the S1 subunit of SARS-CoV-2 was covalently
connected to the AFM tip via PEG linkers to map its binding to living cells
in situ (Figure 1.15). According to the confocal microscopy images, AFM
topography, and virus binding maps, the S1 subunit of SARS-CoV-2 could
only bind to cell surfaces expressing the fluorescently labeled receptor,
while it could not bind to adjacent cells without the receptor (Figure
1.15). Similarly, this approach was utilized to study the purple membrane
adsorbed on mica (199). The individual purple membrane patches were
identified and localized by the confocal fluorescence microscopy. High-
resolution AFM was used to scan the topography of the purple membrane
at sub-nanometer resolution. Finally, the folding of the membrane protein

and the interaction forces that stabilize the protein were characterized.
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Figure 1.15: Principle of combining confocal microscopy and FD-based AFM to detect the
binding of the molecule of interest (such as biomolecules and viruses) to animal cells. The
wild-type cell and the cell (green) expressing receptors were mixed cultures scanned
using the functionalized AFM tip with the molecule of interest. The image of the
overlapping fluorescence channel with differential interference contrast (DIC) was
obtained by confocal microscopy. The confocal image was used to control the AFM scan
area. The FD-based AFM height image and the adhesion channel of the scan area of
interest were acquired in the dashed square in the confocal image. The used images are

adapted from ref (182).
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AFM-based SMFS on force-clamp and height-clamp mode

Another broad application of the AFM is force sensor functions that
can monitor and control the biological processes of molecules, viruses,
and cells. The AFM system can drive the oscillation of a cantilever at
different frequencies, making this device a sensing platform with simple
stress and frequency detection. The shift in resonance frequency
correlated with the quality of the substances bound on the surface of the
cantilever. The sensitivity of the method was sufficient to detect single cell
binding and antigen—-antibody interactions (204, 205). More specifically,
the microcantilever was used to detect the tiny change in cellular volume

and mass during the cell cycle for milliseconds (206, 207).

The force-clamp mode controls the force applied to a sample through
a feedback mechanism that maintains the applied force constant and
quickly corrects the distance between the sample and the AFM tip. The
force feedback, which is based on a proportional, integral, and differential
amplifier, is directly linked to the timing response of the feedback and the
piezo. The frequency response of the current amplifiers is currently in the
sub-millisecond range, which means that the change of cantilever
position is recorded with a high temporal resolution. Conversely, by
controlling the Z-piezo of the AFM (height-clamp mode), the system can
precisely manipulate the tip position with sub-nanometer precision (<1
nm). In height-clamp mode, force-time curves are collected by recording

the force over time (Figure 1.16).
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Figure 1.16: Schematic representation of the AFM-based force and height clamps-.
Constant force: the AFM tip is brought towards the sample while the cantilever is held at
a constant deflection (force). The deflection of the cantilever measures the position
response of the samples. Constant height: the AFM tip is placed on the sample and then
held at a fixed height. The force measured by the cantilever measures the force response

of the samples over time.

Force and height clamp modes are currently used to solve
fundamental problems in biology such as viral infection. The invasion
process of a single human enterovirus 71 and Singapore Grouper
iridovirus was monitored using force and height-clamp mode (208, 209).
The dynamic process and mechanisms of virus invagination into cell were
demonstrated by controlling the position of the virus on the cell surface.
As the depth of engulfment increases, the density of binding energy also
increases, suggesting that additional binding interactions between viral

ligands and receptors gradually take place to provide sufficient energy for
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viral invagination. The techniques offer the potential to study the entry of
virus, rod-shaped nanostructures, and nano-drugs entry into living cells
and allow direct investigation of the entry mechanism and kinetics (86,

210-212).

An extensive application of force and height clamp modes is the
unfolding and refolding of proteins. The differential mechanical stability
of the 127 and 128 domains of the human cardiac titin protein was
demonstrated using force-clamp mode at the single-molecule level (213).
This experiment inspired researchers to characterize the structural
stability and unfolding, misfolding, and refolding pathways of various
proteins. Such force-clamp assays, make accessible the end-to-end length
of the small protein ubiquitin during its folding reaction (214), the
pathways of protein unfolding and refolding, the enzymatic catalysis,
the effects of osmolytes and chaperones on protein stability and folding
(215), the kinetics and the length of unfolding of the small protein
ubiquitin (216-218), and the mechanical unfolding of cold shock protein
B (219). Most importantly, this technique allows independent
measurements of the formation of the disulfide and protein folding (220,
221) and shows how non-native disulfides formed early in the folding
pathway can trigger misfolding. In contrast, a protein disulfide isomerase
domain favors native disulfides by catalyzing oxidation at the late stage of
the folding pathways. This general mechanism explains how protein
disulfide isomerase catalyzes oxidative folding in a variety of structurally
unrelated substrates. In addition, the AFM-based height clamp mode was
used to investigate how an insertase introduces the polypeptide into the
membrane (222). This shows that the insertase binds the polypeptide in

two steps. Subsequently, the hydrophilic groove of the insertase
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transiently interacts with the polypeptide to introduce it into the

membrane.
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Chapter 2:

Aims and strategies

Enveloped viruses, such as EBOV and SARS-CoV-2, share relatively
similar entry mechanisms. First, these viruses land on the surface of host
cells and concentrate by binding to various more specific attachment
factors. This crucial step enables the virus to establish solid anchorage
points, paving the way for subsequent entry stages. Secondly, the viruses
bind to more specific receptors inducing a change of the viral glycoprotein
conformation, revealing target sites for host cell proteases. This step
results in the uncapping of the viral glycoproteins and the exposure of the
fusion domain. Thirdly, the exposed fusion domain binds itself into the
target cell membrane forming a stable bridge between the viral and
cellular membrane. Finally, the fusion domain of the virus experiences an
irreversible conformation change that brings viral and cellular
membranes merging together, completing the process of membrane

fusion (Figure 2.1).

Viral membrane Blndlng—— Activation— Exposure—— Embedding Membrane fusion
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Figure 2: Aims and objectives of the thesis. The different steps involved in the entry of the
enveloped virus were studied using different enveloped virus models. In this work, our
primary focus lies on the early binding step that precedes membrane fusion. Specifically,
we examined the interaction of EBOV with cell surface receptors and investigated the

interaction between the fusion peptide (FP) and the cell membrane for SARS-CoV-2.

75



Chapter 2

This thesis will be divided into two parts, which explore these
processes in two enveloped viruses, the first focusing on EBOV and the
second on SARS-CoV-2. The overarching goal of this study is to explore, on
a single-virus level, the molecular mechanisms that underlie the
attachment of EBOV and SARS-CoV-2 to host cell surfaces and how host
enzymes may impact this process. To accomplish this overarching aim, we
will proceed in three steps: the first step (objective i) focuses on
methodological development, specifically further developing the AFM
force spectroscopy to investigate early binding steps. In the second step,
we will address objectives ii-iv, which relate to EBOV. Finally, in the third

step, we will address objectives v-vii, which are related to SARS-CoV-2.

i. Develop AFM force spectroscopy to investigate the early binding steps
of enveloped virus to cell surface receptors and in particular the
height-clamp mode to probe the binding of fusion peptide to cellular
membrane.

ii. Study the role of DC-SIGNR and TIM-1 as specific cell surface receptors
for EBOV and extract their kinetic and thermodynamic parameters
that describe those binding complexes.

iii. Examine the process by which host proteases activate the viral
glycoproteins and what effects does it have on the binding of the virus
to the cell surface receptors.

iv. How is Ebola binding established in a cellular context?

v. Examine the role of the N-terminal end of the fusion peptide (FP) of
SARS-CoV-2 in its interaction with the cell membrane and determine
FP’s binding capacities concerning various membrane lipids

vi. Investigate the specific role of the disulfide bridge in facilitating the
binding of the fusion peptide (FP) into lipid membranes.

vii. Determine the kinetics and thermodynamics governing the binding

and insertion of the fusion peptide (FP) into lipid membranes.
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To address our first objective of investigating the binding of the Ebola
virus to its crucial receptors, we extended the application of atomic force
microscopy-based single-molecule force spectroscopy (AFM-SFMS). We
utilized AFM-SFMS in combination with host enzymes to investigate the
interactions between the Ebola virus and its receptors. Additionally, we
employed confocal microscopy and force-distance-based AFM to

characterize the binding of the Ebola virus to receptors on living cells.

For the second objective, which involved studying the interaction
between the SARS-CoV-2 fusion peptide (FP) and the lipid membrane, we
developed AFM-SFMS in height-clamp (HC) mode. This innovative
approach enabled us to directly observe the binding of FP to the
membrane at the single-molecule level. We applied a single-molecule
identification algorithm to analyze force-time data and extracted the
thermodynamic parameters of the FP-membrane binding using the
Dudko-Hummer-Szabo model. In addition to these techniques, we
augmented our research by integrating biolayer interferometry and

pseudo-viral infection assays with AFM-SMFS analysis.

The entry steps of enveloped viruses have attracted a great deal of
attention, and numerous studies have reported structures describing the
entry complexes of these viruses, providing snapshots of the binding
partners. However, the molecular mechanisms and in particular their
dynamics are largely unknown. A thorough deciphering of these first
steps of enveloped virus entry is a crucial challenge in biology, and this
work is part of that framework. A better understanding of the kinetics and
thermodynamics of these steps is a key issue for the development of

vaccines and antiviral agents against diseases caused by these viruses.

77



Chapter 2

78



Stepwise Mechanism of EBOV Binding to Receptors Monitored by AFM

Chapter 3:
Stepwise Enzymatic-Dependent Mechanism of Ebola
Virus Binding to Cell Surface Receptors Monitored

by AFM

Qingrong Zhang!, Jinsung Yang?, Sueli Tillieux!, Zhengyuan Guo?, Rita dos Santos
Natividade!, Melanie Koehler!, Simon Petitjean!, Zongqiang Cui?, and David
Alsteens?3*

1Louvain Institute of Biomolecular Science and Technology, Université catholique de Louvain,
Louvain-la-Neuve, Belgium

2State Key Laboratory of Virology, Wuhan Institute of Virology, Center for Biosafety Mega-Science,
Chinese Academy of Sciences, Wuhan, China

3Walloon Excellence in Life sciences and Biotechnology (WELBIO), Wavre, Belgium

*Corresponding author
Author contributions

Q.Z. and D.A. conceived the project. Q.Z conducted all experiments. Q.Z,
J.Y., MK, RN, and S.P. analyzed the AFM data. ].Y. and S.T. planned the
biochemical experiments and analyzed data. G.Z. and Z.C. conceived and
guided the virus-like particles synthesis and receptor expression. All

authors wrote the manuscript.

Published in Nano Lett. 4, 1641-1648 (February 2, 2022)
https://doi.org/10.1021 /acs.nanolett.1c04677

Keywords: Ebola virus, DC-SIGNR, TIM-1, attachment, cell surface receptor,

atomic force microscopy, single-virus force spectroscopy

79


https://doi.org/10.1021/acs.nanolett.1c04677

Chapter 3

80



Stepwise Mechanism of EBOV Binding to Receptors Monitored by AFM

3.1 Abstract

Ebola virus (EBOV) is responsible for several outbreaks of
hemorrhagic fever with high mortality, raising great public concern.
Several cell surface receptors have been identified to mediate EBOV
binding and internalization, including phosphatidylserine (PS) receptors
(TIM-1) and C-type lectin receptors (DC-SIGNR). However, the role of
TIM-1 during early cell surface binding remains elusive and in particular
whether TIM-1 acts as a specific receptor for EBOV. Here, we used force-
distance curve-based atomic force microscopy (FD-based AFM) to
quantify the binding between TIM-1/DC-SIGNR and EBOV glycoprotein
(GP) and observed that both receptors specifically bind to GP with high-
affinity. Since TIM-1 can also directly interact with PS at the single-
molecule level, we also confirmed that TIM-1 acts as dual-function
receptors of EBOV. These results highlight the direct involvement of
multiple high-affinity receptors in the first steps of binding to cell surfaces,
thus offering new perspectives for the development of anti-EBOV

therapeutic molecules.
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3.2 Introduction

Initially discovered in 1976, Ebola virus disease is a severe and often
fatal illness affecting humans and other primates (1). Unlike previous
epidemics, the 2014-2016 epidemic spread in West Africa through
several countries and is still circulating in several African countries,
raising fears of the worst internationally. Among the Ebola various strains,
the Zaire Ebolavirus (EBOV) is the most widespread (2). EBOV is a single-
stranded RNA enveloped virus encoding for seven structural proteins (3,4)
and possesses a striking filamentous structure. The viral envelope
consists of phosphatidylserine (PS)-enriched lipid-bilayer (5) decorated
with spikes consisting of the glycoprotein (GP) trimer (Figure 3.1a) (6).
Since last year, a vaccine is available but not suitable for an outbreak
response where immediate protection is required. However, currently the
poor understanding of cellular receptor role is a major roadblock in the
understanding of EBOV pathogenesis and the development of antiviral

therapies, needed to treat the disease.

EBOV infects a wide range of host cells (7) and a variety of cell surface
receptors have been identified or hypothesized to mediate EBOV binding
and internalization into the endosomal compartment of cells, including
PS receptors and C-type lectin receptors (8-10). PS receptors and in
particular the T-cell Ig and mucin domain 1 (TIM-1) receptor has been
shown to interact with the viral PS (11,12), mediating GP-independent
virus uptake. However, evidence also suggests a direct interaction
between TIM-1 and EBOV glycoprotein (EBOV-GP) (13), questioning the
exact role of TIM-1 during virus binding and infection. Besides TIM-1, the

C-type lectin dendritic cell-specific intercellular adhesion molecule-3-
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grabbing nonintegrin receptor (DC-SIGNR) has been identified to
specifically bind to EBOV-GP contributing to EBOV binding to host cell
surface (14,15). After EBOV attachment to the cell surface, the viral
particles are internalized into early endosomes, where GP is cleaved to
GP4 by cathepsin-B and cathepsin-L (Cat-B/L) in a low-pH-dependent
manner (Figure 3.1b) (16,17). The GPq then interacts with the Niemann-
Pick C1 receptor triggering membrane fusion (18). In addition, the GP can
be cleaved by the tumor necrosis factor-a converting enzyme (TACE) at
the membrane-proximal external region (Figure 3.1b) (19,20). Overall,
the mechanism of molecular binding of EBOV to the cell surface is still
unclear, in particular the role of TIM-1 in binding to the GP glycoprotein

during attachment of virions to the cell surface.
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Figure 3.1: Schematic of EBOV and AFM probing of EBOV binding to living cells. (a)
Schematic of EBOV, the nucleoprotein (NP) encases the viral RNA genome to form a
protein-RNA complex. The viral RNA genome interacts with the virion-associated
proteins VP24, transcriptional activator VP30, polymerase cofactor VP35, and polymerase
L. This complex is surrounded by the matrix protein VP40, which is the main protein
controlling virion morphology and budding. These inner components are packed in an
envelope of lipid bilayer containing phosphatidylserine (PS). The trimers of glycoprotein
(GP) spike are embedded in the viral envelope (4). (b) Schematic of protease cleavages of
EBOV-GP. GP is cleaved at a membrane-proximal external region by the tumor necrosis
factor-a converting enzyme (TACE). Endosomal cysteine proteases Cat B/L cleaves GP
species to generate GPa. (c) Cartoon showing the probing of EBOV-VLP to cell surface
receptors, in particular DC-SIGNR and TIM-1 (PDB IDs: DC-SIGNR, 1K9]J; TIM-1, 5DZ0; GP,

5]Q3).

To clarify the role of human host receptors during early binding events
of EBOV to cell surfaces, we used force-distance (FD) curve-based atomic
force microscopy (AFM) (Figure 3.1c) (21) and probed at the single
virus-like particle (VLP) level, the interactions toward DC-SIGNR and
TIM-1 receptors, both on purified receptors and on living cells. We first

extracted the kinetics and thermodynamics parameters of the individual
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interactions and further evaluated the binding capacity of EBOV-
receptors on living cells. We evidenced that GP specifically interacts with
both DC-SIGNR and TIM-1 with a high-affinity (~150-200 nM).
Treatment with Cat-B/L and TACE also suggests that TIM-1 also interacts
with PS, providing the first direct evidence that TIM-1 acts as a dual
attachment receptor for EBOV. However, the interaction between TIM-1
and PS mainly occurs after enzymatic cleavage of GP, presumably within

the endosome.
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3.3 Results

EBOV specifically binds to both DC-SIGNR and TIM-1

To evaluate the role of PS receptors and C-type lectin receptors during
EBOV early binding to cell surface, we evaluated the binding potential of
EBOV to purified receptors using FD-curve based AFM. To this end, DC-
SIGNR or TIM-1 were covalently grafted to gold surfaces coated with
COOH- and OH-terminated alkanethiols through carbodiimide
conjugation (see 3.5 Methods). The grafted surfaces were validated by
AFM scratching, showing a deposited layer of ~1.5 nm and ~2.0 nm for
DC-SIGNR and TIM-1, respectively (Figure 3.2a, b). EBOV-like particles
(EBOV-VLPs) were produced by expressing the EBOV-GP and mCherry-
labeled matrix protein VP40 as previously described (22). Confocal laser-
scanning microscopy and AFM imaging were used to validate the

production of EBOV-VLPs (Figure 3.3a, b).
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Figure 3.2: Characterization of the receptors-coated surface. AFM topography image of
the DC-SIGNR-coated surface (a) and TIM-1 (b) after scanning of a 1 x 1 um area in the

center with a high applied force (~ 18 nN) to remove attached molecules (upper). The
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surface thickness was shown along the white dashed line (under). The center area was ~
1.5 nm or ~ 2 nm lower than the surrounding biomolecule-coated surface for DC-SIGNR

or TIM-1, showing an approximation of their thickness.

Purified EBOV-VLPs were then covalently immobilized onto the AFM
tips using a 24-unit long polyethylene glycol (PEG) spacer and the grafting
procedure was validated by confocal laser-scanning microscopy (Figure

3.5a and Figure 3.3c, d).

10 pm

20 pm

20 pm

Figure 3.3: Validation of EBOV-VLPs and AFM tip functionalization. a Fluorescence image
of EBOV-VLPs with the VP40 fused to mCherry. b AFM topography image of EBOV-VLPs
coated on the clean glass surface and then dried in air. ¢, d Image of an AFM tip
functionalized with EBOV-VLPs using laser-scanning confocal microscopy. The image

shows the virion at the tip apex (c).
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Figure 3.4: Representative FD curves recorded on the model surface showing a non-
adhesive curve (upper curve) and an adhesive curve with a specific adhesion event (under

curve) for TIM-1.

In order to evaluate the binding between EBOV-VLPs and both
receptors, FD curves were recorded by repeatedly approaching and
retracting the functionalized tip from the DC-SIGNR or TIM-1 decorated
model surface with a surface delay of 200 ms (Figure 3.5a, b and Figure
3.4). Specific binding events were observed in 16.3 + 1.6% and 33.5 + 2.9%
of retraction FD curves for DC-SIGNR and TIM-1, respectively (Figure
3.5¢). To confirm the binding specificity, several independent controls
were performed using (i) an coated OH-/COOH-terminated alkanethiol
coated surfaces lacking the individual receptors, (ii) a tip functionalized
with the PEG spacer but no EBOV-VLPs, and (iii) the injection of 10 nM
free antibodies (Ab) (DC-SIGNR Ab or TIM-1 Ab). All three controls result
in a significant drop of the binding probability (BP), confirming the
specificity of the probed interaction between EBOV-VLPs and DC-SIGNR
or TIM-1 (Figure 3.5c).
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Figure 3.5: EBOV-VLPs specifically binds
functionalized of the AFM tip with a PEGas s
EBOV-VLP. (b) Representative FD curves

nonadhesion and specific adhesion event.

to purified receptors. (a) Schematic of the
pacer that grafted to the free amino group of
recorded on the model surface showing

(c) Binding probabilities (BP) of specific

adhesion events recorded between EBOV-VLP and different receptors and measured by

AFM. Red circle indicates individual data points (extracted from independent individual

maps), the box indicates the mean, and whiskers indicate the mean * standard deviation

(s.d.). (d, €) The BP of EBOV-VLP binding to DC-SIGNR (d) or TIM-1 (e) before or after

treatment with TACE, CatB/L proteases, Annexin-V, and TIM-1 Ab. All experiments were

independently reproduced at least three times (n = 3). **** P < 0.0001, P values were

determined by a two-sample t test using Origin. Error bars indicate s.d. of mean.
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TIM-1 binds both PS and EBOV-GP

In order to identify which EBOV ligands are involved in host receptor
binding, we combined the use of native and protease-treated virions
yielding different forms of cleaved EBOV-GP. Using FD-curve-based AFM,
we compared the BP of the interaction between EBOV-VLP and DC-SIGNR
before and after treatment with CatB/L or TACE proteases (Figure 3.6).
We observed significant drops in the BP after each protease treatment
(Figure 3.5d) from 16.3 + 1.6% before treatment to 8.5 + 0.7% and 7.2 *
0.2% using CatB/L or TACE treatments, respectively (Figure 3.5d). The
low BP observed after the protease treatment is also very close to the
value obtained after blocking with DC-SIGNR Ab, suggesting that no other

viral surface component is involved in the binding to DC-SIGNR.

1 2 3
kDa ‘ ‘
250  m— 1.GPy; 50

. ' 2.GP,, ., Cat-B/L-treated
130 3.GP,,.,, TACE-treated
100 m—
70

55 e
35—
25 -

15

T
10—

Figure 3.6: The validation of Cat-B/L and TACE protease activities. The sizes of GP, Cat-
B/L treated GP, and TACE treated GP were verified by western blot. The western blot was

performed with anti-GP antibody.
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Similarly, we evaluated the role of EBOV-GP and PS as potential
binding ligands for TIM-1. Using Annexin-V, known to specifically bind to
PS, we only observed a small decrease of the BP (from 33.5 + 2.9% to 27.3
* 1.5%, n = 5), suggesting that PS is poorly accessible to TIM-1 on native
EBOV-VLP. After treatment with CatB/L or TACE, the BP significantly
decreased (from 33.5 * 2.9% before treatment to 18.6 + 3.5% and 22.4 +
1.6% using CatB/L or TACE, respectively), confirming that EBOV-GP is
directly involved in TIM-1 binding, as previously suggested (13,23)
(Figure 3.5e). However, the BP remained largely above the value
observed after blocking with TIM-1 Ab, confirming that PS and GP could
act as a second-attachment ligand. To further validate this, we treated the
EBOV-VLPs with each protease and further incubated them with Annexin-
V. For both proteases, the coincubation with Annexin-V resulted in a
further drop of the BP to the same level as that observed for the
incubation with TIM-1 Ab (Figure 3.5e). Taken together, these
experiments identify TIM-1 as a cellular receptor interacting with both

EBOV-GP and PS, while DC-SIGNR exclusively interacts with EBOV-GP.
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Extracting the binding free-energy landscape of EBOV to cell

surface receptors

After having identified DC-SIGNR and TIM-1 as cellular receptors for
EBOV, we sought to characterize their kinetic and thermodynamic
properties (Figure 3.7a, b) via force-probing their interactions at various
loading rates (Figure 3.7c). Experimentally, the EBOV-VLP functionalized
tip is approached at a constant speed toward the functionalized surface
and maintained in contact for 200 ms, thus allowing the establishment of
the bond formation. Next, the tip is retracted at various speeds in the
range of 0.1-20 um s-! (Figure 3.7d). From the individual force versus
time curves (Figure 3.7c), the rupture force and corresponding loading
rate (LR, slope of the curve just before the rupture occurs) were extracted
and displayed as individual data points on the dynamic force
spectroscopy (DFS) plots (Figure 3.7e, f). If an external force is applied
on a reversible bond, the activation-energy barrier of the molecular bond
is reduced toward dissociation and shortens its lifetime as described by
Bell-Evans model (Figure 3.7b) (24,25). In the far-from-equilibrium
regime, the model therefore predicts that the rupture force of the bonded
molecule pairs is proportional to the logarithm of the LR, as we observe

for both receptors (Figure 7e, f).
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Figure 3.7: Probing EBOV-VLP binding to receptors on model surface. (a) Cartoon
showing the probing of EBOV-VLPs to DC-SIGNR and TIM-1 receptors on the model surface
and EBOV-VLPs on AFM tip. (b) Binding between a ligand and a receptor can be described
as a two-state by the Bell-Evans model. The transition from the bound state to the
unbound state is separated by an energy barrier located at distance Xp. koff, and ku indicate
the dissociation rate observe with no external force (F = 0) or an external force F > 0
applied onto the bond. (c) Force versus time curve where the slope of the curve extracted
just before the unbinding event is determined to extract the loading rate (LR). (d)
Representative force-distance curves recorded at various retraction speeds (from 0.1 to
20 pm s-1) on model surface and showing specific adhesion events. (e, f) Dynamic force
spectroscopy (DFS) plot indicating the distribution of the rupture forces at different LR
ranges for interactions between EBOV-VLP and DC-SIGNR (n = 2242 data points) (e) or
TIM-1 (n = 5220 data points) (f). The solid line represents the fit of the single-bond
rupture events with the Bell-Evans fit, giving kofr and xp values. Dashed lines represent the
prediction of the force for the rupture of two simultaneous uncorrelated interactions
(using the Williams-Evans prediction). (g) The BP acquired at 1 um s-! is plotted as a
function at the different contact times. A monoexponential growth curve (line) using the
least-squares fit provides access to the kon of the probed interactions. Kp (kofr/kon) value
shows that EBOV-VLP has a higher affinity for DC-SIGNR and TIM-1. All experiments were
reproduced three times with independent tips and samples (n = 3) at least and the error

bar shows s.d. of the mean value.
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For both DC-SIGNR and TIM-1, the probed interaction forces are in the
range of 25-500 pN in the comprised LR range from 102 to 106 pN s-!
(Figures 3.8 and 9). The analysis of narrow LR ranges revealed force
distributions that follow a multiple Gaussian peak distribution,
suggesting the establishment of multiple bonds. For each peak, the
average force was extracted and displayed on the respective DFS plots
(Figure 3.7e, f). As predicted by the Bell-Evans model, the points for the
first peaks extracted from the histograms were following a linear trend
onto the DFS plot (solid lines in Figure 3.7e, f), enabling to extract their
kinetics parameters, i.e., the distance to the transition state (xg) and the
kinetic off-rate (kor). The binding of the EBOV-VLP to both receptors is
described by a single energy barrier with xg = 0.29 * 0.01 nm and kot =
1.59 £ 0.12 s-1 for DC-SIGNR, and xg = 0.23 + 0.01 nm and ko= 3.39 + 0.35
s-1 for TIM-1, in good agreement with previous work (26). The ko is
directly related to the bond lifetime T (the time interval required for bond
dissociation under equilibrium conditions, T = 1/kos), which is commonly
used to describe the intrinsic parameter of the bond mechanical stability.
Our results give lifetimes of T = 630 ms and t * 300 ms for the bond
established between EBOV-VLP and DC-SINGR or TIM-1, respectively.
These results reveal a two-fold-higher stability for the binding to DC-
SIGNR, probably explained by the EBOV tropism as DC-SIGNR is
expressed in several early targets for EBOV infection, including dendritic
cells, alveolar macrophages, and sinusoidal endothelial cells in the liver
and lymph node (14).

Analysis of the rupture forces also revealed higher forces in the DFS
plot (Figure 3.7e, f) and respective force histograms (Figures 3.8 and 9),
which can be fitted with a second peak within the multiple Gaussian peak

distribution. Further analysis using the predictive Williams-Evans model
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(27,28), which determines whether these higher forces could originate
from multiple uncorrelated bonds loaded in parallel between the EBOV-
VLPs and the receptors, suggests no particular mechanical coupling

between the individual bonds (Figure 3.7e, f, dashed curves).
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Assuming that the receptor-bond complexes can be approximated by
a pseudo-first-order kinetics, we also estimated the kinetic on-rate (kon)
from our single-molecule force spectroscopy experiments (29). This
association rate is extracted from the BP measured at various contact
times and depends on the effective concentration described as the
number of binding partners (ligand + receptor) within an effective
volume Ve accessible under free-equilibrium interaction. Ve can be
approximated by a half-sphere with a radius including the linker, the viral
GP and the receptors (see 3.5 Methods) (29,30). For both DC-SIGNR and
TIM-1, we observed that the BP increased exponentially with contact time,
and we extracted interaction times of ~200 and 80 ms, leading to kon
values of 8.4 + 1.6 x 106 M-1s-1 and 2.2 + 0.4 x 107 M-1 s-1, respectively
(Figure 3.7g). Finally, the dissociation constant Kp is calculated as the
ratio between kogr and kon, yielding values around ~150-200 nM for both
complexes, which is close to the ~26 nM affinity found previously for
EBOV-GP-DC-SIGNR (31). These experiments demonstrate that EBOV-
VLP can specifically bind to both DC-SIGNR and TIM-1 via high-affinity

interactions in vitro.
TIM-1 acts as the first foothold for EBOV-GP binding

While our first experiments on purified proteins revealed that EBOV-
VLPs can bind to TIM-1 through both GP and PS (after cleavage by the
proteases), the extraction of the kinetics and thermodynamics revealed
only one type of interaction. Therefore, we aimed to determine whether
this interaction, recorded with native EBOV-VLPs, originated from
binding to EBOV-GP. To this end, we functionalized the AFM tip with the
purified EBOV-GP and probed the interaction to both DC-SIGNR and TIM-
1 (Figure 3.10 and Table 1).
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Figure 3.10: GP binding to receptors on model surface. a Box plot of the binding
probability of GP in absence and presence of EBOV-GP antibodies (** and *** indicate p-
values = 0.0015 and = 5.13E-4; n=5). P values were determined by a two-sample t-test
using Origin. b,d DFS shows the interaction force between GP and DC-SIGNR or TIM-1 (n>
1200 data points). c,e Comparison of force required to rupture bonds between receptors
and purified GP (black) or EBOV-VLP (red). All data are representative of n = 3

independent experiments.
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As anticipated, for DC-SIGNR we obtained a very good agreement
between the parameters extracted using the EBOV-VLPs compared to the
one using the purified GP (Figure 3.10Db, c). Stunningly, this is also the
case for the complex GP-TIM-1, implying that the EBOV-VLPs would
mainly interact with TIM-1 through its GP during the early binding events
(Figure 3.10d, e). This also indicates that binding to PS may occur later
during the subsequent step of the infection. Since GP, due to its size, can
potentially sterically hinder PS binding, this step could only take place
further downstream, once GP is cleaved by CatB/L, just before its
internalization into the endosomes (32).

Table 1. Comparison of kinetic and thermodynamic parameters describing EBOV-VLP

and GP interaction with receptors (DC-SIGNR and TIM-1).

Pairs of interaction ko (s1) xp(nm)

10
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Exploring EBOV-VLPs binding to cellular receptors on living

cells

After the extraction of the parameters describing the binding free-
energy landscape of EBOV to its cellular receptors on purified receptors,
we wanted to further validate that these binding events are also
established in a cellular context. To this end, HEK-293T cells were first
transiently transfected with DC-SIGNR-GFP. The expression of DC-SIGNR
on HEK-293T cells was validated using in-cell-western assays (Figure
3.12). Next, HEK-293T and HEK-293T-DC-SIGNR-GFP were cocultured
and imaged using AFM tips functionalized with EBOV-VLPs under
physiologically relevant conditions (37 °C, 95% relative humidity and 5%
CO2) (Figure 3.11a, inset) (33). Guided by fluorescence, an area where
control and transfected cells were adjacent was selected and imaged. This
allowed us to directly assess the proportion of specific interactions to a
particular receptor compared to other interactions that might be
established with constitutively expressed receptors at the cell surface
(Figure 3.11a, b, d, e). From the adhesion map (Figure 3.11b), a clear
difference appears between the control and transfected cells. While
control cells show only rare adhesion events (bright pixels, ~1.5%), the
transfected cells show a much higher density of adhesion events (~9.3%),

homogeneously distributed on the cell surface (Figure 3.11a, b).
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Figure 3.11: Exploring EBOV-VLPs binding to DC-SIGNR or TIM-1 on living cells. (a) AFM
height image of two adjacent HEK 293T cells: DC-SIGNR (fluorescently tagged) cell and an
unlabeled negative control cell. Inset: overlay of fluorescent and DIC images of both cells.
(b) FD-based AFM adhesion map of cells recorded in the dashed square shown in (a)
(inset). (c) DFS plots of data obtained using model surfaces (gray circles, from Figure 3.7d)
and on living cells (red circles, n = 778 data points from three independent experiments).
(d) AFM height image with fluorescence image in the inset showing the TIM-1 cell (green)
and an unlabeled negative control cell. (e) Corresponding adhesion map recorded with
EBOV-VLPs. EBOV-VLPs bind strongly to TIM-1 cells (green) in comparison to the
unlabeled cell shown in (d) (inset). (f) DFS plots of TIM-1-EBOV-VLPs obtained using
model surfaces (gray circles, from Figure 3.7e) and on living cells (red circles, n = 908

data points from three independent experiments).

Typical FD curves between EBOV-VLP and HEK-293T-DC-SIGNR-GFP
cells showed specific adhesion events on the retraction curve (Figure
3.13) with rupture forces in the range of 100 to 300 pN across the applied
LR range (Figure 3.13b). Naturally, due to the PEG spacer, the size of the
attached EBOV-VLPs, and the elasticity of the cell surface and rupture

distances can exceed 200 nm. Overlay of the data on the DFS plot obtained
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for the purified DC-SIGNR reveals that the binding force for the single-
bond matches very well with the value predicted from our above
experiments (Figure 3.11c). Strikingly, despite the short contact time of
~1 ms with the cell surface, specific binding events with DC-SIGNR are
established even in a complex cellular environment. Together, these
results indicate that EBOV-VLP interacts with DC-SIGNR on cell surfaces

using similar high-affinity interactions as measured on model surfaces.

a b 12x10°; p<0.0001
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Figure 3.12: Analyzing the expression of DC-SIGNR on HEK 293T cells using the in-cell
western. a Identical number of cells were seeded in 96 well microplates. green
fluorescence signals from DC-SIGNR-GEP (upper) and red fluorescence signals (upper)
from anti-DC-SIGNR antibody indicate the DC-SIGNR expressing on cell surface. b
Quantification of the duplicate results in a. P values were determined by a two-sample t-

test using Origin. The error bar shows s.d. of the mean value.
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Figure 3.13: a Representative FD curves recorded on HEK293T-DC-SIGNR-GFP cell
showing non-adhesion and specific adhesion events. b Force was extracted from the FT
curves recorded from the HEK 293T-DC-SIGNR-GFP cell, plotted as a histogram, and then

fitted with multipeak Gaussian fits. n= 778 from three independent experiments.
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Figure 3.14: a Microplates were loaded with an identical number of cells per well. Using
the in-cell western assay, signals from TIM-1-coGEP show as (green) and TIM-1 antibody
(red) were obtained on HEK293T and transfected cells. b Quantification of the duplicate
results in a. **** P< 0.0001, P values were determined by a two-sample t-test using Origin.

Error bars indicate s.d. of mean.
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Figure 3.15: Force was extracted from the FT curves recorded from the HEK 293T-TIM-1-

coGFP cell and plotted as a histogram, and then fitted with multipeak Gaussian fits. n=908

from three independent experiments.

Similarly, we evaluated the binding of EBOV-VLPs to TIM-1 in the
cellular context by transiently transfecting HEK-293T with TIM-1-GFP,
and we evaluated its functional expression (Figure 3.14a, b). FD-based
AFM using AFM tip derivatized with the EBOV-VLPs revealed that most
adhesion events are localized on the transfected cells (Figure 3.11d, e).
Analysis of the rupture force (Figure 3.15) and comparison with the data
extracted on purified TIM-1 (Figure 3.11f) confirmed that EBOV binds to
TIM-1 within a short contact time with the cell surface. The live cell data
set clearly shows that EBOV has the ability to rapidly engage with the DC-
SIGNR and the TIM-1 receptors immediately after landing on the cell
surface, confirming that these two receptors play an important role in

infection.
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3.4 Discussion

EBOV entry requires the concerted action of multiple membrane
receptors in the host, including two types of receptors, namely C-type
lectin receptors and PS receptors (34). After binding to the cell surface,
EBOV is internalized into the endosomes through the macropinocytosis
pathway (35). Subsequently, the GP is cleaved to trigger the membrane
fusion at the endosomes (36,37). Among PS receptors, the role of TIM-1
remains elusive and is controversially discussed in the literature. A recent
study highlights a role for TIM-1 in PS binding during the cellular
attachment, allowing it to better resist external mechanical perturbations
(26), whereas another study suggests that TIM-1 serves as a receptor via

a direct interaction with EBOV-GP (13).

Using single-virus force spectroscopy, we investigated EBOV binding
to both DC-SIGNR and TIM-1 by quantifying the binding strength to each
receptor in vitro on model surfaces and on living cells, mimicking
physiologically relevant conditions. We demonstrated that both DC-
SIGNR and TIM-1 are specific receptors for EBOV early binding to cellular
surfaces. The kinetic and thermodynamic investigations pointed out that
EBOV-GP specifically binds to DC-SIGNR/TIM-1 with remarkable high
affinity (Kp in the nM range, Figure 3.16). Similar experiments conducted
with the purified GP leads to the same conclusion, undoubtedly

confirming a direct interaction.
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Cell

Figure 3.16: Multiple receptors mediate EBOV binding to host cells with high affinity.
Models of EBOV binding to receptors: GP mediates EBOV high-affinity binding to DC-
SIGNR and TIM-1. Binding to PS is sterically hindered during the early binding step.

For the first time, we studied at the single virion-level, how enzymes
trigger change at the virion surface and how it influences binding
properties to cell surface receptors. After EBOV attachment to the cell
surface, the viral particles can be cleaved by Cat-B/L and/or TACE. We
used AFM to understand how virus binding properties are modified upon
enzymes processing. After GP cleavage in the membrane-proximal
external region by TACE, we observed that EBOV-VLP still binds to TIM-1.
This binding can be impeded by the injection of Annexin-V, suggesting
that TIM-1 binding to PS is promoted after enzymatic cleavage. Binding of
TIM-1 to PS is also observed after cleavage by Cat-B/L under low-pH
conditions with a slightly lower frequency compared to TACE treatment
(Figure 3.5e). Together, these results strikingly demonstrate that TIM-1
acts as a dual-receptor to both EBOV-GP and PS with the latter being

favored after enzymatic cleavage within the endosomes (17).

Findings reported here elucidate the complex interplay between
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EBOV and its cellular receptors prior to viral entry. Binding of EBOV-GP to
TIM-1 and DC-SIGNR serves as the initial high-affinity binding just before
the cellular entry. Then, under the action of Cat-B/L and TACE enzymes
during endocytosis EBOV-GP is partially cleaved and the TIM-1 receptors
present will be able to bind specifically to the PS, thus promoting the
membrane fusion step (Figure 3.16). This two-step entry mechanism,
orchestrated by a single cellular receptor, demonstrates the complexity
and elegance of the EBOV infection mechanism. This important result
points directly to the key role of the TIM-1 receptor making it an ideal

candidate for the development of targeted antiviral molecules.
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3.5 Mehods

HEK 293T cell lines and transfection.

HEK 293T cells were cultured in DMEM medium supplemented with
10% fetal bovine serum, penicillin (100 U mL-1), and streptomycin (100
ug mL-1) (Gibco). HEK 293T cells were maintained in a humidified
incubator with 5% CO; at 37°C. pCMV-DC-SIGNR-GFP (Sino Biological)
and pCDH-TIM-1-coGFP were transfected with Lipofectamine LTX
(Invitrogen) according to the manufacturer’s protocol. In brief, 200,000
cells were seeded in a cell culture plate (40 mm). The cells were
transfected with either 2.5 pg pCMV-DC-SIGNR-GFP or pCDH-TIM-1-
coGFP using 2.5 pL Plus reagent and 10pL Lipofectamine LTX
(Invitrogen), respectively. After 24-48 h of transfection, cells were used

for AFM analysis.
Production and characterization of recombinant EBOV-VLPs.

Virus stocks were generated in HEK 293T cells as described
previously (22). Briefly, 6 pg pcDNA3.1(+)-GP and 12 pg pcDNA3.1(+)-
VP40-mCherry (wild-type gene of 1976 Zaire Ebola virus strain) were co-
transfected into HEK 293T cells using Lipofectamine LTX in a T-75 flask.
After 48-72 h of transfection, the supernatant containing the EBOV-VLPs
was collected by removal of the cell debris in 1,000 g for 10 min. The
supernatant was ultracentrifuged through a 20% sucrose buffer at 25,000
rpm in a Ti 70 rotor for 2.5 h at 4°C. The resulting pellet was resuspended
in 200 pL of ice-cold phosphate-buffered saline (PBS, Thermo Fisher
Scientific) and then dialyzed using MINI Dialysis Devices (10K MWCO,
Thermo Fisher Scientific) at 4 °C without exposure to light overnight. The
EBOV-VLPs (10 pL) was adsorbed onto the glass slide coated with Ploy-L-
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Lysine (1%) for 20 min and dried at air. The image of the EBOV-VLPs was
taken by AFM (Bruker). EBOV-VLPs (10 pL) was dropped onto the glass
slide to verify the EBOV-VLPs with the fluorescence using a laser scanning

confocal microscope (LSM-980, Zeiss).
Functionalization of AFM tips.

EBOV-VLPs were grafted onto AFM tips apex (MSCT and PFQNM-LC
cantilevers, Bruker), using following protocol (38): the AFM tips were
washed in chloroform (3 x 10 min), cleaned in a UV radiation and ozone
(UV-0) cleaner (Jetlight). The tips were further incubated for 2 h in an
argon-filled desiccator with 30 pLL APTES and 10 pL triethylamine. To cure
the APTES coating, the tips were maintained under argon for 2 days after
removing APTES and triethylamine. To ensure a low density of the EBOV-
VLP on the AFM tip, NHS-PEG2s-Ph-Aldehyde (Broadpharm) was grafted
on the amino-functionalized tips. NHS-PEG24-Ph-aldehyde (3.3 mg) was
dissolved in chloroform (0.5 mL) and trimethylamine (30 pL). The
cantilevers were immersed in the solution for 2 hours and washed 3 times
with chloroform and dried with nitrogen. The cantilevers were immersed
in the EBOV-VLPs solution (100 uL) that contains 2 uL fresh NaCNBH3 (6
wt% vol! in 0.1 M NaOH(aq)) on ice for 1 h. Finally, 5ul of 1 M
ethanolamine solution was added into the EBOV-VLPs solution and
incubated for 10 min to quench the reaction. The cantilevers were washed
5 times with PBS buffer. The cantilevers were not dried during the
functionalization steps. The functionalized cantilevers were used on the
day of functionalization. The cantilever showed no more than one viral
particle at the apex of the AFM tips. GP (R&D Systems) was grafted onto
AFM tips apex according to the same protocol as that used for EBOV-VLPs.
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Preparation of DC-SIGNR/TIM-1 model surfaces.

Gold-coated surfaces were cleaned for 15 min using UV-O cleaner and
subsequently immersed overnight in an ethanol solution containing 1%
1 mM 16-mercaptododecahexanoic acid and 99% 11-mercapto-1-
undecanol. Surfaces were rinsed with ethanol, dried with N, and added
to a milliQ water solution containing equal volumes of 20 mg mL-1 N-
hydroxysuccinimide (NHS) and 50 mg mL-! 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC) for 30 min. Surfaces were
then rinsed with milliQ water and incubated for 1 h with 40 uL of DC-
SIGNR or TIM-1 (10 pg mL-! in PBS, R&D Systems). Finally, surfaces were
washed 5 times with PBS and used in experiments on the day of the
preparation. The surface showed a stable and homogenous thickness of

~1.5 nm and 2 nm for DC-SIGNR and TIM-1, respectively (Figure 3.2).
FD curved-based AFM on model surfaces.

FD curved-based AFM on model surfaces was conducted in PBS buffer
using AFM (Nanoscope Multimode 8, Bruker) at room temperature.
EBOV-VLPs functionalized MSCT-D cantilever were used to record force
curves from 10 x 10 um model surface areas in the force-volume (contact)
mode (Nanoscope software v9.2). The spring constants of the cantilevers

were calibrated using the thermal noise method (39).

To extract ko and xp the dynamic force spectroscopy (DFS)
experiments were performed using set point of 500 pN, with a resolution
of 32 x 32 pixels, and 1 um s-1 approach velocity. The various retraction
velocities (0.1, 0.2, 1, 5, 10 to 20 um s-1) were used to probe the rupture
force over a wide range of LRs. The pulling velocity (v) and loading rate
(LR) are defined as a function of key (the effective spring constant of the

system): LR =AF/At = keyv, where AF/At is the applied force over time. To
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ensure higher binding probability, the hold time was set to 200 ms. LRs
and rupture forces were extracted using Nanoscope analysis (v2.0,
Bruker). Origin software (OriginLab) was used to display the results as
DFS plots to fit histograms of rupture force distributions for distinct LR
ranges and to apply various force spectroscopy models to extract the
number of bonds mediating interaction between substrate and ligand, k.,

and yjp, as described (33, 39).

For kinetic kon» analysis, the BP was determined from rate of curves
showing binding events at a certain hold time (the time the tip is on the
surface delay). When other parameters were kept constant
(approach/reverse velocity: 1 um s-1, ramp size: 500 nm, set point force:
500 pN, line frequency: 1 Hz, and pixels per line: 32), the BP was
measured with different hold times (0, 50, 100, 200, 350, 500, 800, and
1100 ms). These data were fitted as described previously (29,30). In brief,
assuming the binding events follows pseudo first order kinetics, the
kinetic kon is described by the following equation:

n

kon = (Cerrt) ™" = ( )7t

Vers
where c.ss is the effective concentration of free partners available for

interaction at equilibrium and can be calculated from the number of
binding partners (n) over the effective volume (Veg) (a sphere with radius
equal to the equilibrium length of the PEG linker and the size of the virus)
accessible for free equilibrium interaction between the EBOV-VLP and
receptors. The interaction time (t;) is extracted by fitting the BF over hold

time (t) with the following equation:

BP = A <1 — exp <@)>

Where A is the maximum BP and ¢, is the lag time. K, further was
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calculated subsequently as kop/kon.

FD curve-based AFM and fluorescence microscopy on living cells.

A Bioscope Resolve (Bruker) coupled to an inverted optical
microscope (Zeiss, 40x oil objective) was used to map a confluent layer of
HEK 293T cells with PeakForce QNM mode (Nanoscope software v9.2).
HEK 293T cells were retained under cell-culture conditions (with growth
medium, 5% COz, and 37°C). HEK 293T cells were imaged by PFQNM-LC
probes (Bruker, the sensitivity was calibrated by fixing the nominal spring
constant of pre-calibrated cantilevers with "no-touch” calibration) at 25
x 25 pm areas containing 2-3 adjacent cells. AFM tip was oscillated in a
sinusoidal manner, with an amplitude of 750 nm, a frequency of 0.25 kHz,
and about the force setpoint of 500 pN. The sample was scanned with a
frequency of 0.125 Hz and a resolution of 256 x 256 pixels, of which
65536 FD curves were obtained in each image. Image and FD curves were
further processed and analyzed using Nanoscope analysis, Origin, Image],

Zen Blue 3.1 (Zeiss) software.
In-Cell Western Assay.

HEK 293T cells were plated in sterile black-walled 96 plates at an
identical density. The cells were grown and transfected as indicated above.
After 48 h of transfection, In-Cell Westerns (ICW) analysis was performed
according to the manufacturer’s protocol. In brief, all wells were carefully
washed with PBS and fixed immediately by adding a final concentration
of 3.7% formaldehyde at 4°C for 20 min. After fixation, the plates were
washed with PBS (3 x 10 min) and then blocked using 1% BSA for 1 h.
The plates were incubated with primary antibodies (1:50, R&D Systems)
at 4°C using 2 h and then incubated with secondary antibodies (1:250,

[Rshort550 conjugates of mouse-anti-IgG for DC-SIGNR, Sigma, and Cy3
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conjugates of goat-anti-IgG for TIM-1, Abcam) at 4°C using for 1 h. Plates
were scanned and analyzed using Typhoon (ImageQuantTL software).
Scan settings were with 50 pm resolution. For signal quantification,
signals of fluorescence fused protein and antibody were analyzed from

the average fluorescence intensity for the corresponding channel.
In vitro protease treatments and western blotting.

The EBOV-VLP functionalized AFM tips were treated with 4 pg ml-!
CatB and CatL (4 pg ml, Sino Biological) at pH 4.5 in MES buffer (25 mM
morpholineethanesulfonic acid, 5 mM DTT) or with TACE (4 pg ml1) at
pH 9 in the Tris buffer (50 mM Tris) for 40 min at room temperature.
Mock treatment was conducted without enzyme. For checking the
enzymes are working, the purified GP was treated in identical conditions,
and then resolved by SDS-polyacrylamide gel electrophoresis (4-20%
polyacrylamide gel, Eurogentec) and subsequently transferred onto a
Nitrocellulose membrane (Cytiva). The membrane was blocked with 0.5%
BSA in TBS solution with 0.1% tween-20 for 1 h, and incubated with 0.5
ug ml! primary antibody of GP (R&D Systems) overnight at 4°C, and
incubated with secondary antibody (1:1000, Agilent) for mouse source GP.

Then, the membrane was imaged by Amersham Imager 600 (Cytiva).
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4.1 Abstract

Membrane fusion between SARS-CoV-2 envelope and target cells is a
critical step in infection. Understanding the molecular mechanisms
behind this fusion process is crucial. In this study, we investigated the
interaction between the fusion peptide (FP) of SARS-CoV-2 spike protein
and the host membrane. We utilized biolayer interferometry and atomic
force microscopy-based single-molecule force spectroscopy for kinetics
and thermodynamics analysis. Our findings revealed that cholesterol
plays a significant role in enhancing the binding affinity of both SARS-CoV-
2 FP to the lipid membrane. Under physiologically relevant conditions, we
demonstrated how the presence of cholesterol can facilitate the binding
between TMPRSS2-cleaved S2 subunit and the membrane. Notably, we
have observed that the presence of the disulfide bond within the FP
augments the stability of the FP-membrane complex. This enhanced
stability is likely attributed to the greater mechanical resilience inherent
in the FP domain. Moreover, cholesterol depletion from the host
membrane effectively inhibited SARS-CoV-2 infectivity, as demonstrated
by the pseudovirus-based infection assay. Our results highlight the
cooperative influence of membrane composition and peptide structure
on the binding of SARS-CoV-2 FP to the host membrane. These findings
have tremendous importance in the development of broadly effective

vaccines and therapies against SARS-CoV-2.
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4.2 Introduction

Coronavirus disease 2019 (COVID-19) is a global pandemic and a
serious public health threat caused by a novel virus called severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). SARS-CoV-2 belongs
to the coronavirus family and is an enveloped positive-stranded RNA
virus (1). The surface of SARS-CoV-2 is decorated with the glycosylated
homotrimer Spike (S) protein, which plays a crucial role in binding and
fusion with the host cell membrane. The S protein is divided into two
functional subunits, S1 and S2, through cleavage by the host protease
furin in the Golgi apparatus during viral maturation (2-4). S1 is
responsible for binding to the host cell receptor, angiotensin-converting
enzyme 2 (ACE2), while S2 facilitates membrane fusion (5-7). Upon
binding of the receptor-binding domain (RBD) present in the S1 subunit
to ACE2, the S2' site in S2 subunit undergoes processing by the
transmembrane protease serine 2 (TMPRSS2), leading to the shedding of
S1 and exposure of the fusion peptide (FP) (8). Subsequently, the S2
subunit undergoes conformational changes, extending to facilitate FP
binding to the host cell membrane. Finally, irreversible refolding of the S2
subunit brings the viral and host cellular membranes in close spatial
proximity, facilitating the delivery of the viral genetic cargo (Figure 4.1a)

(9, 10).
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Figure 4.1: SARS-CoV-2 FP interaction with lipid vesicles. (a) Cartoon illustrating the
interaction between SARS-CoV-2 and the host membrane. The S protein binds to the host
cell surface via ACE2 receptor, and upon host protease activation, the S1 subunit detaches,
exposing the FP. The SARS-CoV-2 FP then binds to the host membrane, followed by
refolding of S2 into a post-fusion state, leading to the membrane fusion between viral and
target cells. The representative structure of SARS-CoV-2 FP (PDB ID 6XR8) is shown from
the prefusion conformation of the trimeric SARS-CoV-2 S protein (right). (b) The FP region
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of SARS-CoV-2 spans amino-acid residues 816-855 of the S protein sequence. FP1 is
tagged with LPETGG at the C-terminus, and FP2 is an extended sequence expanding by 11
amino acids at its N-terminus. (c and d) Measurement of the binding affinity between
SARS-CoV-2 FP and the lipid vesicles consisting of DOPC and Chol (c) or DOPC and SM (d)
using biolayer interferometry. Grey lines represent the raw data, while colored lines
represent the binding rate of the association phase, which is the linear fit within the
preliminary 60s of the association phases. (e and f) Measurement of the interaction
between the FP1 or FP2 and the lipid vesicles using biolayer interferometry. 10 uM FP1 or
FP2 were loaded onto AR2Gbiosensors and were then allowed to interact with the 1 mM
Chol/DOPC vesicle (e) or SM/DOPC vesicle (f), respectively.

Due to the crucial role of the S1 subunit in receptor recognition,
current SARS-CoV-2 vaccines and therapies primarily target the S1
domain of the S protein (11-14). However, an alternative approach is to
focus on the S2 subunit, which is more genetically conserved across
coronaviruses (15-18). The SARS-CoV-2 FP, consisting of 40 amino acids
(residues 816-855 of the S protein sequence), contains a fully conserved
internal disulfide bond (Cys840 and Cys851) (19-21). Targeting this
domain and process of membrane fusion holds promise in addressing
emerging SARS-CoV-2 variants and mitigating potential future
coronavirus outbreaks. Therefore, gaining a comprehensive
understanding of the molecular mechanisms underlying SARS-CoV-2 FP-
induced membrane fusion is crucial for advancing our knowledge of
coronavirus infection and facilitating the design of effective vaccines and
therapies. Recent studies have demonstrated the broad efficacy of
lipopeptides targeting the conserved membrane fusion process and
monoclonal antibodies recognizing the conserved FP motif in combating

coronavirus infection (22-24).

Membrane fusion is an energetically favorable process, but it faces

high kinetic barriers due to repulsive hydration forces between bilayers
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(25). Notably, the height of this fusion barrier varies substantially
depending on the composition of the membranes (18, 26). In the case of
SARS-CoV-2, the energy needed to overcome the barrier between the
virus and the host cell membrane arises from an irreversible
conformational transition in the S2 subunit. This transition converts S2
from a less stable pre-fusion state to a more stable post-fusion state (9,
10), and it relies on the binding stabilization of FP region to the
membrane. The internal disulfide bond in the FP most presumably aids in
stabilizing its structure during binding. Furthermore, there is increasing
evidence that the lipid composition of viral and cellular membranes (27,
28), as well as the depletion of cholesterol (Chol), impact SARS-CoV-2
membrane fusion and infection (29). However, formal evidence regarding
how the internal disulfide bond of the FP region and lipid composition

contribute to FP binding to the host membrane is still lacking.

Atomic force microscopy-based single-molecule force spectroscopy
(AFM-based SMFS) has recently emerged as a nanoscopic tool for
monitoring membrane protein unfolding, folding, and insertion with
piconewton-scale resolution and at the single-molecule level. By moving
the AFM tip away from the sample with a certain height, the molecule of
interest is stretched or escaped from a membrane. These molecules have
a probability of refolding or reinserting themselves into the membrane.
The force and time of refolding or insertion of the membrane protein are
recorded by tracking the deflection of the AFM cantilever. This technique
is very well suited to monitor the interaction of fusion peptides and

membranes.

In this study, we shed light on the impact of the internal disulfide bond

within the FP region and the lipid composition on the binding of SARS-
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CoV-2 FP to the host membrane at the single-peptide level. Through the
utilization of biolayer interferometry (BLI) assays, we assessed the
influence of membrane composition on the interaction between SARS-
CoV-2 FP and the membrane. Moreover, we directly observed the binding
of FP to biomimetic lipid membrane at the single-peptide level using
atomic force microscopy (AFM)-based single-molecule force
spectroscopy (SMFS), enabling the extraction of kinetics and
thermodynamics data pertaining to this process. Additionally, our results
demonstrated that the presence of the internal disulfide bond within the
FP region, as well as Chol content in the membrane composition, played
crucial roles in FP binding. Notably, the depletion of Chol effectively
inhibited SARS-CoV-2 infection, underscoring the significance of the
binding process of FP region to the membrane as a potential target for

broadly effective therapies against coronaviruses.
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4.3 Results

Cholesterol enhances FP binding to membrane

The functional FP of SARS-CoV-2 is a 40 amino acids sequence starting
at Ser816 that is formed from the mature N-terminus of the S2’ site, after
priming by TMPRSS2 (8, 30). To probe the dynamics of the SARS-CoV-2 FP
binding to the plasma membrane, we designed two peptides with slight
modifications, FP1 and FP2 based on the primary FP sequence. FP1 is the
LPETGG-tagged FP of SARS-CoV-2, allowing the protein to be ligated by
sortase A at the C terminus, and FP2 represents the uncleaved version of
FP, with additional 11 amino acid residues on the N-terminal side (Figure
4.1b). To assess the influence of lipid composition on FP domain binding,
lipidic vesicles composed of 30% sphingomyelin (SM) or cholesterol
(Chol) and 70% 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) were

used, mimicking the components of cell membranes (31, 32).

To assess the impact of Chol on the membrane-binding capacity of
SARS-CoV-2 FP1, we conducted a biolayer interferometry (BLI) assay (33).
The FPs were covalently attached to an amine reactive biosensor. Briefly,
sensors bearing free carboxylic acid groups were activated by reaction
with EDC (1-Ethyl-3-[3-dimethylaminopropyl] carbodiimide
hydrochloride) and NHS (N-hydroxysulfosuccinimide) to generate highly
reactive NHS esters. The esters rapidly react with the amine groups of FP1
or FP2, forming a highly stable amide bond. Subsequently, lipid vesicles
containing 30% SM or Chol and 70% DOPC at concentrations of 0.075,
0.125, 0.25, 0.5, and 1 mM respectively were applied to associate and
disassociate with the peptides. Our findings revealed a faster binding of

FP1 with cholesterol-containing vesicles compared to sphingomyelin-
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containing vesicles. Specifically, the binding velocity of FP1 to DOPC/Chol
(70:30) vesicles (0.017 nm s'1) was five times higher than to DOPC/SM
(70:30) vesicles (0.0036 nm s'1) during the association phase (Figure
4.1c, d). As control experiments, we also evaluated the membrane-
binding response of SARS-CoV-2 FP2 to both Chol and SM vesicles.
Interestingly, we observed a significantly lower membrane-binding
response of FP2 compared to FP1 when exposed to vesicles at the same
concentration (Figure 4.1e, f). These findings emphasize the significance
of the N-terminus exposure at the S2' site during the membrane-binding
of SARS-CoV-2 FP (34). Our overall results underscore Chol's crucial role
in FP binding to the plasma membrane. It's worth noting that the grafting
technique employed could potentially favor the N-terminus grafting due
to its higher reactivity. To meticulously explore the N-terminus's
involvement at S2', we proceeded to investigate this binding using AFM

and an oriented coupling method.
Monitoring SARS-CoV-2 FP-binding at the single-molecule level

To account for potential influences arising from factors such as vesicle
size, coupling of FP to the sensor and its accessibility for the vesicle, we
performed an exhaustive analysis of these interactions at the single-
molecule level by AFM, between oriented FP onto the tip and lipid bilayers.
Supported lipid bilayers, with similar composition as the vesicles used for
BLI experiments, were prepared to mimic the outer leaflet of cell
membranes (35). To validate the lipid bilayers formation, AFM
topography imaging was performed under physiological conditions
which maintains their near native state of hydration. Height cross-section
analysis revealed a height of approximately 4.74 + 0.1 nm for both the
DOPC/Chol and DOPC/SM systems (Figure 4.2 and Figure 4.4a). The
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integration of smaller cholesterol molecules or long-saturated acyl chain
sphingomyelins (SMs) into the DOPC matrix resulted in a slightly
increased bilayer thickness to approximately 4.84 + 0.2 nm for DOPC/SM
compared to DOPC/Chol. To reflect the physiologically relevant state of
SARS-CoV-2 interaction with host cells, FPs were covalently attached in
an oriented manner to the AFM cantilever tip using a flexible polyethylene
glycol spacer (PEGz4) and the Sortase A enzyme (Figure 4.3a). This
tethering approach ensures that the experimental setup accurately
captures the movement of the exposed N terminus of the FP and faithfully

represents the encounter between SARS-CoV-2 and host cells.

Bilayers

Liposomes il
D G L el
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Distance (um)

Figure 4.2: Cartoon showing the formation of SM/DOPC bilayers same as Chol/DOPC
bilayers on mica substrate in Figure 4.4a (top). The height topography of SM/DOPC
bilayers was obtained by AFM, and the height cross-section profile was extracted from the

corresponding maps in the height image (bottom).
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Figure 4.3: Principle of FP or S2-functionalized AFM tip. The AFM tip is functionalized
with a PEG spacer fused to either GlyioLys peptides or S2 subunits, which in turn react
with the LPETGG-FP via the Sortase A enzyme (a) or treat by the TMPRSS2 (b).

To investigate the binding dynamics of the FP, AFM-based SMFS was
conducted in the height clamp mode (36-38). The functionalized AFM tip
was carefully approached to a distance of 4-6 nm above the lipid bilayers,
and the resulting force between the tip and the lipid bilayer was
monitored for a specific duration (10 s). Analysis of the force-time curves
for FP1 revealed distinct binding events, characterized by a jump to
negative forces, observed in approximately 7% of the total cases (n =
180/2,519 for FP1-DOPC/Chol and n = 206/2,851 for FP1-DOPC/SM;
Figure 4.4b). In contrast, for FP2, only a few binding events (<0.7% of
total cases; 10/1,359 for FP2-DOPC/Chol and n = 6/3,528 for FP1-
DOPC/SM) were detected. These findings suggest that the priming of the
FP by TMPRSS?2 significantly influences its binding properties to lipids, as

evidenced by the lower binding events observed for FP2 compared to FP1.

134



Probing SARS-CoV-2 FP-Membrane Interaction via AFM-based SMFS

a . \ b !0 AFM cantilever Force 4‘: ’
IS < Bilayers v e
i % L -
Liposomes X - i ‘?‘ i
Time
0 1 2 3 4 pm —_—

FP in solution Membrane-binding FP

gl

| FP1:DOPC/Chol
—7\

7 L FP1:DOPC/SM

~10
g 8 FP2:DOPC/Chol
= 6
Z (WA R A
(=3 o
@ 2 z FP2:DOPC/SM
e [=%
0 Q
@
Distance (um) 250 ms
C
80
FP1:DOPC/SM
40
z
=
8o
o
w
-40. ® Data point
— STaS| Fit
-80. +
0 0.25 05 0.75 10 10 20 30 40 50
d Time (s) Relative frequency (%)

FP1:DOPC/Chol

0 025 05 075 10 10 20 30 40 50
Time (s) Relative frequency (%)

Figure 4.4: Monitoring SARS-CoV-2 FP insertion into lipid membrane using AFM-based
SMFS. (a) Formation of lipid bilayers on solid support (top). Lipid vesicles were adsorbed
onto freshly cleaved mica surface, forming lipid bilayers. AFM was used to obtain height
topography of DOPC/Chol bilayers, and the height cross-section profile was extracted
from the corresponding height image (bottom). (b) Schematic illustrating the binding of
FP to the lipid bilayers monitored by AFM-based SMFS (top). Representative force-time
(FT) curves showing the binding of FP1 into the lipid bilayers (indicated by black
arrowhead). FP2 did not exhibit binding events on the lipid bilayers (bottom). (c, d)
Representative FT curves of FP1 binding to the DOPC/SM membrane (c) or DOPC/Chol
membrane (d). Two distinct states detected in the force-time curves were identified using
the STaSI algorithm and depicted as histograms that are fitted using a multipeak Gaussian
fit. Data points are color-coded based on the assignment by the STaSI model: gray

represents the first and blue or cyan represents the second state.
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The binding events within the collected FT trajectories were identified
using a specialized algorithm called the generalized step transition and
state identification (STaSI), specifically designed for analyzing discrete
single-molecule data (39). In the FT curves, a rapid transition of the force
was observed, indicating the binding of the fusion peptide (FP) from a
free state to a bound state (Figure 4.4c, d). These events have a lifetime
in the range of few hundred milliseconds. Interestingly, upon initial
observation, the lifetime of the FP1 bound state appeared longer for the
DOPC/Chol membrane compared to the DOPC/SM membrane. Despite
the dependence of lifetime on lipid composition, the magnitude of force
was found to be unaffected. This observation suggests that the presence
of cholesterol (Chol) enhances the kinetics of SARS-CoV-2 FP binding to
the lipid membrane (Figure 4.4c, d).

Extraction of the Kkinetics parameters

Subsequently, the lifetime and strength of the binding events between
FP1 and lipid bilayers were determined for the two different lipid
compositions (Figure 4.5a). The data were fitted using the Bell model (36,
40) for both lipid compositions (Figure 4.5b, c). This model allowed us
to extract the average lifetime (t(0)) of the complex formed between FP
and lipids, as well as estimate the width of the free-energy barrier (xg)
crossed by the transition from the free state to the bound state. These
values provide insights into the kinetics of molecular complexes formed
under thermal equilibrium conditions, without the application of any

external force.

For FP1 binding on the DOPC/Chol membrane (Figure 4.5b), the
obtained t(0) and xg values were 426.2 * 76.5 ms and 0.29 % 0.04 nm,

respectively. These values were significantly higher compared to the
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DOPC/SM membrane (Figure 4.5c), where t(0) and xg were 126.8 + 18.9
ms and 0.18 * 0.03 nm, respectively. These findings indicate that Chol
helps in the formation of a more stable complex, probably facilitating the

further binding of S2 to the lipid bilayer.
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Figure 4.5: Towards the kinetics of SARS-CoV-2 FP binding to lipid membrane. (a) Data
points are extracted from force versus time curves, resulting in force (AF) and lifetime (At)
data. (b, c¢) These data points are then plotted as a function of the lifetime in function of
the force (n =180 in b and n =206 in ¢, where n represents the number of insertion events
quantified). The Bell model was then employed to fit the data (black lines), providing
average xp and t(0) values for the binding complexes. Error bars represent the mean *
standard deviation (s.d.), while darker shaded areas indicate 95% confidence intervals

and lighter shaded areas represent 95% prediction intervals.
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Validation of the FP binding at the S2 subunit level.

Upon binding of host receptors to the S1 subunit and subsequent
processing of the S2-N terminus site by TMPRSS2, the FP of SARS-CoV-2
becomes exposed and binds to the host cell membrane, initiating the
fusion process between the virus and the host cell (18). To confirm the
cleavage of the S2 subunit to S2' by TMPRSS2, an enzyme cleavage
experiment was conducted following a previously established protocol
(41). The reaction was validated by a Western blot experiment (Figure
4.6a). The same strategy was followed to graft the S2’ onto the AFM tip
(Figure 4.3b). The S2 subunit was first grafted and then treated by the
TMPRSS2.
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Figure 4.6: Probing the binding of SARS-CoV-2 FP at the S2 subunit level. (a) Western blot
analysis of S2 subunit treated with TMPRSS2 under reducing conditions. The cleaved S2
subunit was detected using an antibody against the His-tag. Lane 1 represents the marker,
Lane 2 represents S2, Lane 3 represents TMPRSS2, and Lane 4 represents S2 + TMPRSS2.
(b, ) Representative force-time curves depicting the binding of S2’ subunit to the lipid
bilayers, either DOPC/Chol (b) or DOPC/SM (c) membranes. Raw data is plotted as a black
line, and the binding states are identified using the STaSI algorithm (red line). (d, e) Plots
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of force-dependent lifetime obtained for FP (gray circles, from Figure 4.3b and c) and for

S2’ subunit (blue circles, n =9 in d and n = 8 data points in e).

The S2-functionalized cantilevers, further treated with TMPRSS2,
were positioned above lipid bilayers using the same strategy as employed
for the FP experiments described above. As previously observed for the
FP, individual force-time curves clearly show specific binding of S2’
domain to both the DOPC/Chol and DOPC/SM membranes (Figure 4.6b,
c). Notably, the binding events were exclusively observed when using the
S2’-functionalized tips treated with TMPRSS2 (9/374 events for S2’-
DOPC/Chol and 8/355 of total cases for S2’-DOPC/SM), whereas no
binding events were detected with the S2-functionalized tips alone (453
force traces for S2-DOPC/Chol and 262 for S2-DOPC/SM). These findings
provide conclusive evidence that the TMPRSS2-processed S2 subunit

binds its fusion peptide to the host membrane.

Furthermore, specific binding times and corresponding forces were
extracted from the individual force-distance curves obtained using the
S2’-functionalized AFM tips. Remarkably, these binding parameters were
in excellent agreement with the previously acquired data for SARS-CoV-2
FP (Figure 4.6d, e). Overall, these results confirm that the exposed fusion
peptide on the S2’ subunit effectively binds to the host membrane, and
highlight the facilitating role of Chol in the membrane component,

enhancing the binding process.
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The FP disulfide bridge facilitates more stable anchoring to the

lipid membrane.

The SARS-CoV-2 FP has a conserved internal disulfide bond between
Cys840 and Cys851, which appears to play an important role in full FP
activity (19-21, 42). To better understand the role of this disulfide bridge
in host membrane binding activity, we compared peptide binding in the
absence or presence of this disulfide bridge (Figure 4.7a, see Methods).
Notably, we observed specific interactions in around 17.5% of cases (n =
237/1361 for FP1-DOPC/Chol) under conditions favoring the presence of
the disulfide bridge, whereas those of interactions were virtually
abolished after treatment with Tris(2-carboxyethyl)phosphine
hydrochloride (TCEP), a disulfide-reducing agent. Conversely, the specific
strong interaction was not observed on the DOPC/SM membrane. These
findings strongly indicate that the main interaction events were

attributable to both the SARS-CoV-2 FP and the DOPC/Chol membrane.

As depicted in the force-time curves (Figure 4.7b), following the
initial binding event, a subset of the curves displayed an additional step
towards higher forces, suggesting the existence of a distinct secondary
population or state. The STaSI algorithm effectively discerns these two
populations. The collected data reveals that lifetimes range from 15 to
570 ms for forces spanning 25 to 130 pN (Figure 4.7c). This second state
might indicate a shift in binding conformation towards enhanced stability
or the binding of a second FP to the lipid membrane. Given the low
occurrence of this second population within the curves (12/237 analyzed
curves) and the absence of observable transitions between the two states,
we hypothesized that this second population corresponds to the binding

of a second FP within the lipid bilayer. To further analyze these two
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populations, we analyzed the force distribution in function of the lifetimes
extracted from the force-time curves. (Figure 4.7c). The lifetime
distributions were binned across seven discrete force ranges (Figure 4.8,
#1 to #7). Notably, the lifetime distributions in the four lower force
regions (#1 to #4, F < 70 pN) exhibited a distinctive bimodal Gaussian
distribution (Figure 4.8), with the frequency of the second peak
significantly less than the first one. This double-peak distribution of
lifetime in the binned force data strongly supports the occurrence of two-

state events corresponding to two different affinities.
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Figure 4.7: Internal disulfide bond promotes FP binding to the membrane. (a) The
internal disulfide bond is formed in the FP between Cys840 and Cys851. (b) Force vs time
curves with specific interaction events. Raw data (gray line) are processed using the STaSI
algorithm (red line) to identify different states in the force trace. (c) The distribution of
the lifetime is in the force region (range from 22-130 pN) reveals two different states. (d,
e) Fitting the lifetime against force of the two states performed either using the Bell model
(d) or the DHS model (e). (f) The free-energy landscape of the FP binding to the membrane
under a constant force. The kinetics and thermodynamics analysis reveal a binding free-
energy landscape with two states, which can be explain by the consecutive binding of two

FP leading to a more stable bound state.
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Figure 4.8: Extraction of an average lifetime for discrete forces. Small force ranges #1-#7
are binned and the distributions of the lifetime are plotted as histograms. This
classification reveals two peaks with average values corresponding to single (blue) or
double (red) simultaneously established FP-membrane interactions. This reveals two
lifetime peaks with average values corresponding to single (blue) and double (red)
simultaneously established FP-membrane interactions. The average values of the lifetime
distributions are extracted and plotted on the lifetime against force, enabling their

analysis using the Bell or DHS model (Figure 4.5c, d or e).
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According to the Bell model (40), the lifetime of a bond exponentially
decreases as the force increases. Applying this model, we determined the
separation distance from the unbound to the bound state for the first
population as xg1 = 0.17 nm and the lifetime (t(0); = 0.58 s) (Figure 4.7d).
Analysis of the second population revealed higher stability, characterized
by a lower free-energy valley (xg2=0.15 nm) and a twofold higher lifetime
(t(0)2=1.285).

To better understand the thermodynamic differences between both
binding states, we employed the Dudko-Hummer-Szabo (DHS) model to
analyze the experimental data (43). This model allowed us to
simultaneously determine the activation energy (AG) and Kkinetic
parameters (xg and t(0)) by examining the lifetime-force relationship
(Figure 4.7e). We obtained values of xg1 = 0.17 nm and t(0)1 = 0.58 s for
the first population, and xgz = 0.13 nm and t(0)2 = 1.11 s for the second
population. These results were in excellent agreement with the values
obtained using the Bell model. Notably, the binding free-energy for the
second population (AG; = 13 kgT) is significantly higher than for the first
population (AG: = 8.5 kgT), indicating a stronger stabilization of FP,

presumably due to the multivalent interaction.

This analysis reveals a sequential mechanism whereby an initial FP
binds to the membrane, subsequently favoring the binding of a second FP
that in tandem enhances the stability of the binding complex as a whole
(Figure 4.7f). This multivalent complex demonstrates an extended
lifetime and heightened binding free-energy. Significantly, the appearance
of this second population was less frequent under conditions that
compromise the integrity of the disulfide bridge, underlining the pivotal

role of this bridge in the membrane binding process. We propose that the
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disulfide bridge imparts enhanced mechanical stability to the FP-
membrane complex, maintaining spatial proximity between the
membrane and the peptide. This proximity fosters the subsequent

attachment of new peptides, contributing to the stepwise binding process.
Cholesterol depletion inhibits SARS-CoV-2 infectivity on cells

At the single-molecule level, we observed a strong influence of
cholesterol on the binding of SARS-CoV-2 FP. This led us to question
whether the cholesterol level in the host cell membrane could impact
SARS-CoV-2 infection. To investigate this, we conducted virus infection
assays using pseudotyped viruses carrying S proteins. A549 cells
expressing ACE2 and TMPRSS2 were incubated with propagation-
incompetent G-deleted vesicular stomatitis virus (VSV) trans-
complemented with the SARS-CoV-2 spike protein and encoding a GFP
reporter protein (VSV-SARS-CoV-2). A549 cells were infected with the
VSV-SARS-CoV-2. The infectivity was assessed by measuring the GFP
fluorescence 24 hours post-infection. To assess the role of cholesterol,
A549 cells were treated with varying concentrations of Methyl-f-
cyclodextrin (MBCD), a commonly used agent for cholesterol removal
from the plasma membrane (44). The results revealed a concentration-
dependent inhibition of VSV-SARS-CoV-2 infection by MBCD (Figure 4.9),

consistent with previous findings (29).
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Figure 4.7: Chol depletion using MBCD inhibits SARS-CoV-2 pseudovirus entry into host
cells. (a) Schematic representation of the SARS-CoV-2 pseudovirus infectivity assay using
A549 cells expressing ACE2 and TMPRSS2 (top). Fluorescent images of infected
A549/ACE2/TMPRSS2 cells in the presence of different concentrations of MBCD (0, 0.05,
0.1, 0.25, 0.5, 1, 2, 3 mM, and NC: negative control, without virus) (bottom). (b) Mean
infectivity measured at various concentrations of MBCD. Each black dot represents
infectivity from a well. The column indicates the mean value, and the whiskers indicate
the standard deviation (s.d.) of the mean. Data are representative of three independent

replicates.
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4.4 Discussion

In this study, we elucidate how Chol facilitates the interaction between
SARS-CoV-2 FP and the target cell's membrane. Through BLI, we
determined that the affinity of SARS-CoV-2 FP for the DOPC/Chol
membrane is tenfold greater compared to its affinity for the DOPC/SM
membrane. This observation is reinforced by our AFM-based SMFS
experiments, where we directly captured FP binding to the membrane at
the single-peptide level. Our kinetic analysis highlights that FP binding to
the DOPC/Chol membrane exhibits a prolonged lifetime compared to the
DOPC/SM membrane control, indicating that Chol contributes to the
stabilization of the bound complex. Importantly, we also established that
conditions preserving the integrity of the disulfide bridge within FP
enhance the mechanical stability of the binding, thereby facilitating the

establishment of multiple interactions.

Membrane fusion is an important event in the entry of SARS-CoV-2,
which is utilized to trigger release of genetic cargo into the host cell to
achieve the purpose of the cellular infection. This vital and conserved step
of the viral life cycle involves in several complicated factors, including the
microenvironment of membrane fusion, the properties of FP, and the
components of lipid membrane (25, 26, 45). Because the essential
membrane fusion event of SARS-CoV-2 occurs either at the cell surface or
within cellular endocytic compartments (46), recent studies have
reported the SARS-CoV2 FP binding to the membrane in the presence of
calcium ions (47-49). SARS-CoV-2 FP, as a membrane fusion apparatus, is
highly conserved in the coronavirus family (18), which has been a

pharmaceutical target against coronavirus infection (22, 23). The
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membrane fusogenicity is enhanced when the N-terminal region of fusion
peptide is exposed, thus having an important role in disease transmission
(7, 8, 34). Consistent with these observations, our results showed that
unexposed N-terminus of SARS-CoV-2 FP do not bind to supported lipid
membranes. Our results demonstrated that priming of FP by the
TMPRSS2 promotes the binding to the lipid membrane which is in good

agreement with the recent observed cryo-EM structure (50).

Another dominant factor that determines membrane fusion could be
the composition of the lipid membrane itself (51). Due to the significant
energy barrier that must be overcome during membrane fusion, the
composition of the membranes could potentially impact this process
through various mechanisms. (25). Chol stands out among lipids as a
critical factor influencing the membrane fusion of SARS-CoV-2 (27-29). It
initially reduces the energetic demand for interactions between the lipid
bilayers of both the virus and the cell due to its capability to stabilize
hydrophobic interactions. Here, we demonstrate Chol's role in favoring
the binding of the SARS-CoV-2 FP. Consequently, Chol could increase the
binding energy between the viral protein and the membrane, effectively
lowering the energy required for the S2 subunit's refolding in membrane
fusion. Additionally, our findings reveal that the infection mediated by
SARS-CoV-2 pseudotyped particles is impeded following Chol removal
from the host membrane. Collectively, these findings suggest that Chol
might have a crucial involvement in SARS-CoV-2 infection and could be a
viable target for developing effective therapies against the virus. This
aligns well with prior research demonstrating the antiviral effects of
cholesterol-25-hydroxylase (52, 53) and statins (54) against SARS-CoV-2,

observed both in vitro and in vivo.
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In conclusion, this study illuminates the role of Chol in enhancing the
binding of SARS-CoV-2 FP to the lipid membrane, with this process
notably reliant on FP priming via TMPRSS2. The internal disulfide bond
emerges as a key factor stabilizing the FP-membrane complex.
Additionally, the Chol content within the host membrane significantly
influences SARS-CoV-2 infection. Our findings not only provide a
mechanistic understanding of how Chol crucially boosts SARS-CoV-2
infection but also offer insights for devising broadly effective therapies
capable of addressing emerging variants and potential future coronavirus

outbreaks.
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4.5 Methods

Reagents and Fusion peptides.

Brain Sphingomyelin (SM; Avanti Polar Lipids); Cholesterol (Chol;
Sigma); 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC; Avanti Polar
Lipids); DPBS (Fisher); Sortase A (BPS Bioscience, San Diego, CA, USA);
NHS-PEG24-Ph-aldehyde spacer (Broadpharm, San Diego, CA, USA); poly-
Glycine linker (Genscript, NJ, USA). Unless states otherwise, all chemical

reagents were purchased from Sigma (Missouri, USA).

The fusion peptides (FP1 and FP2) of SARS-CoV-2 with a purity of >95%
were purchased commercially from GenScript. Two following peptides

were investigated:

FP1: 816-SFIEDLLFNKVTLADAGFIKQYGDCLGDIAARDLICAQKF-855

FP2: 806-1LPDPSKPSKRSFIEDLLFNKVTLADAGFIKQYGDCLGDIAARDLICAQKF-855

They are with LPETGG-tag modification at the C-termini. The peptides

were dissolved in DPBS and stored at —=20 °C in 20 pl small stock aliquots.
Preparation of lipid vesicles.

DOPC, brain SM, and Chol were dissolved in chloroform to give a final
lipid concentration of 5 mM. Aliquots of DOPC and SM or Chol solutions
were mixed in DOPC/SM and DOPC/Chol in molar ratios (70/30) and
poured into a glass vial. Then, the resultant solutions were dried under a
nitrogen flow and kept for 20 min in a vacuum desiccator to ensure
complete removal of chloroform. Multilamellar vesicles were obtained by
hydration with the Buffer A (20 mM HEPES and 50 mM NaCl at pH 7.4)
solution to give a final lipid concentration of 1 mM, as previously
described (31). To obtain the lipid vesicles, the mixed solution was

extruded through Whatman Nuclepore Hydrophilic Membrane with a 100
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nm pore size using an Avanti Mini-Extruder (Avanti Polar Lipids, Alabama,

USA).
Supported lipid bilayers for AFM-based SMFS experiments.

Supported lipid bilayers were prepared on circular mica surfaces for
AFM-based SMFS experiments as described previously (31). In brief, the
lipid vesicles were dropped on the freshly cleaved mica surfaces
cemented onto Teflon discs with epoxy-based mounting glue. A metal
puck was used as a supporting substrate for the Teflon discs and were
magnetically mounted on the AFM stage. The deposited small lipids
vesicles on the surface were incubated at 60 °C for 1h to obtain the lipid-
supported bilayers. The samples were rinsed with Buffer B (20 mM
HEPES, 50 mM NaCl, and 2 mM CaCl at pH 7.4) maintained at 60 °C and

then slowly cooled to room temperature.
Functionalization of AFM tips and disulfide bond formation in peptide.

To functionalize peptides/proteins to AFM tips, FPs and S2 subunits
were grafted onto AFM tips apex (AC40, Bruker), using the following
protocol: the AFM tips were washed in chloroform (3 x 10 min), cleaned
in a UV-ozone (UV-0) cleaner (Jelight, California, USA). The tips were
further incubated for 2 h in an argon-filled desiccator with 30 uL. APTES
and 10 pL triethylamine. To cure the APTES coating, the tips were
maintained under argon for 2 days. To graft the respective peptide or
protein on the AFM tip, a heterobifunctional NHS-PEG24-Ph-aldehyde was
grafted on the amino-functionalized tips. NHS-PEG24-Ph-aldehyde (3.3 mg)
was dissolved in chloroform (0.5 mL) and trimethylamine (30 pL). The
cantilevers were immersed in the solution for 2 hours and washed 3 times
with chloroform and dried with nitrogen. The cantilevers were immersed

in the 100 pL GlyioLys peptide (1 mM) or S2 subunit (300 nM) solution
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with 2 pL fresh NaCNBH3 at 4°C for 1 h. Then, 5 ul of 1 M ethanolamine
solution (pH 8.0, 10 min, R.T) was added to the solution to quench the
unreacted aldehyde groups and washed 5 times with DPBS buffer. The S2
subunit-functionalized AFM tips were directly used for binding assays. To
obtain FPs-functionalized AFM tips, the GlyioLys peptide-modified tips
was then incubated with 50 pl of a 10 pM FPs and 50 ul of a 20 uM Sortase
A solution for 4 h at 37 °C. FPs-tips were rinsed with HEPES buffer and

stored at 4 °C and used in AFM experiments on the same day.

A efficient method for disulfide bond formation in peptide is
described (55). The AFM tip of the functionalized FP1 was rinsed by
HEPES buffer. This tip was reacted with 20% dimethyl sulfoxide (DMSO)
at pH 6 in room temperature for 4h. This tip was then rinsed with HEPES

buffer and stored in 4°C until used in AFM experiments.
AFM-based single-molecule force spectroscopy.

A Bioscope Resolve AFM (Bruker) with a 100 um piezoelectric
scanner was used to image the lipid bilayers with PeakForce QNM mode
(Nanoscope software v9.2, Bruker, Santa Barbara, USA). Using the bare or
non-functionalized cantilevers, the membrane patches were imaged at an
imaging force in 250 pN, 100 nm ramp size, and 256x256 pixels and scan
size of 10 x 10 um. After finding membrane patches, the tips were moved
closer to the membrane about 100 pN in the height clamp mode. The AFM
tip was then retracted 4-6 nm away from the surface. Since the S2 protein
is larger, the retracted height of the tip in this case is 8-10 nm. Next, the
cantilever was kept at a constant height for 10 s while recording the
cantilever deflection to collect force-time (FT) curves. After that time, the
cantilever was retracted by 50 nm and the measurement were repeated.

Cantilever spring constants were calibrated using the thermal tune
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method and deflection sensitivity was measured by ramping on hard
surfaces. All experiments were performed at room temperature and

repeated at least five times.
Analysis of force-time curves and extraction of Kinetic parameters.

After excluding curves without binding events by Nanoscope analysis
2.0, FT curves with the binding events were run to correct the baseline
using an asymmetric least-squares baseline algorithm in Origin 2021
software. The specific binding events were identified using adapted the
step transition and state identification (STaSI) (39) algorithm developed
for discrete single-molecule data analysis for our data. The STaSI
algorithm detects step transitions using Student’s t-test and then groups
segments by hierarchical clustering. The optimum number of states is
suggested by weighing the complexity of the model and the goodness of
fit (minimum description length) to find the simplest model with the least
fitting error. We extensively tested the STaSI algorithm by generating

traces with two states.

Estimation of kinetic and thermodynamic parameters of the binding
events was performed by fitting the Bell (36, 40) (Figure 4.5) model with
nonlinear curve fitting tool in Origin 2021. Data from force clamp
experiments were fitted to the Bell model using the equation:

P
T (F) =1(0) e k8T (1)
where t(F) is the complex of FP-membrane lifetime as a function of force,
1(0) is the bond lifetime in equilibrium, xg is the width of the energy valley,

kg is the Boltzmann constant, and T the temperature.

To evaluate the free energy of activation energy (AG), Dudko-

Hummer-Szabo (DHS) is described (43). The DHS formalism adds a
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parameter to the BE model that enables a smooth interpolation between
different potential shapes, which is the apparent free energy of activation
AG. The DHS model was validated as a simple method to determine force-

dependent lifetimes t(F) at a constant force:

"F"B)(1 2y BI ( )‘ ()

(F) = 1(0) (1 - 22
where t(F) is the complex of FP-membrane lifetime as a function of force,
1(0) is the bond lifetime in equilibrium, xg is the width of the energy valley,
kg is the Boltzmann constant, and T the temperature. The scaling factor
specifies the nature of the underlying free-energy profile: v = 1

corresponds to the BE expression (43).
Biolayer interferometry assay.

Kinetic analysis was performed on Amine Reactive Second-Generation
(AR2G) biosensors (Sartorius) on an Octet BLI (BLI, Octet, Sartorius,
Gottingen, Germany). First, the sensors were activated with EDC (1-Ethyl-
3 [3-dimethylaminopropyl] carbodiimide hydrochloride) and NHS (N-
hydroxysulfosuccinimide) to generate highly reactive NHS esters. FPs (10
uM) were immobilized on the activated sensor surface. After this covalent
grafting step, the unreacted ester groups were quenched with 1 M
ethanolamine solution, following which the resultant sensors were made
to react with a serial dilution of lipid vesicles (0.075, 0.125, 0.25, 0.5, and
1 mM in PBS) for 300s. Subsequently, the biosensors were allowed to
dissociate in a kinetic buffer for 300 s. All measurements were conducted
at RT and 1000 rpm shaker speed. The data were analyzed using the Octet
Data Analysis 11.0 software (Octet) using a 1:1 isotherm model to

calculate respective dissociation constants.
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TMPRSS2 cleavage of S2 and western blotting.

To confirm the S2 subunit is cleaved by TMPRSS2, the 5 pl (1.5 pM in
Tris buffer) purified S2 was incubated with 20 pl (5 uM) TMPRSS2 in
50 mM Tris buffer (0.2% Triton X-100, 50 mM NaCl, pH 7.2) overnight at
37°C, which was analyzed by Western blot. The cleaved S2 subunit was
run in SDS-polyacrylamide gel electrophoresis and subsequently
transferred onto a PVDF membrane (Bio RAD, California, USA). The
membrane was blocked with 1% BSA in TBS solution with 0.1% Tween-
20 for 1 h, incubated with 0.5 pg/ml of primary antibody with His-tag
(Bio-connect) overnight at 4°C, and incubated with secondary antibody
(anti-His). Then, the membrane was analyzed by Amersham Imager 600
(Cytiva). The S2-functionalized AFM tips were treated with TMPRSS2
under the same conditions with cleavage of S2 in vitro. Mock treatment

was conducted without enzymes.
Pseudotyped SARS-CoV-2 production and Infection.

HEK 293T was grown in DMEM medium supplemented with 10% fetal
bovine serum (FBS) with penicillin (100 U mL-1) and streptomycin (100
ug mL-1) (Gibco, Fisher Scientific, UK) in a humidified incubator with 5%
COz at 37 °C. 293T cell line was used to produce pseudotyped VSV-SARS-
CoV-2. The subconfluent HEK 293T cells in a T75 flask were transfected
with 15 pg of the pCAG_SARS_2Sdel18 (a generous gift from Stefan
Pohlmann) expression plasmid using Lipofectamine LTX (Invitrogen, MA,
USA) according to the manufacturer’s protocol. After 8 hours, cells were
washed 3 times with DPBS and incubated with VSV-AG pseudovirus
complemented in trans with the G glycoprotein and bearing a FLuc gene.
Cell supernatants containing S protein-pseudotyped VSV were harvested

48 h later, clarified by low-speed centrifugation (900 x g for 10 min), and
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characterized or stored at —80 °C for later analysis.

A459-ACE2-TMPRSS2 cells were grown in RPMI 1640 medium
supplemented with 10% FBS with penicillin (100 U mL-1) and
streptomycin (100 pg mL-1) (Gibco) in a humidified incubator with 5%
CO; at 37°C. To check the pseudotyped SARS-CoV-2 infection in the
absence of Chol, the A459-ACE2-TMPRSS2 cell was confluent in 96 well
plates. A459-ACE2-TMPRSS2 cells were pre-treated with different
concentrations of MBCD (used to deplete Chol at the cell surface
membrane) for 1.5 h and then incubated with SARS-CoV-2 S protein-
bearing pseudoviruses at 37°C in a humidified atmosphere of 5% CO- for
5h. Subsequently, the unbound pseudoviruses were removed by washing
with DPBS, and cells were incubated in fresh DMEM medium with 10%
FBS, penicillin, and streptomycin for 24h. The pseudotyped SARS-CoV-2
intensity activity was detected analyzed using Typhoon (ImageQuantTL

software).
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Chapter 5:

General discussion

The stepwise entry of enveloped viruses involves their binding to
receptors, the activation of viral glycoproteins, the exposure of the fusion
domain, bridging between the viral and cellular membranes at the fusion
domain, and finally, the initiation of membrane fusion. This stepwise
entry mechanism is relatively conserved among all enveloped viruses. It
is also the most fundamental and central process in the infection pathway;,
representing the primary target for the development of vaccines and
antiviral agents. Therefore, gaining a deep understanding of the intricate
process of enveloped viral entry is crucial for unraveling the biology of
viral infections and advancing the development of vaccines and antiviral
agents.

In this thesis, [ initially explore the molecular mechanisms
underlying the interaction between EBOV and cell surface receptors, as
well as the actions of host enzymes, all at the single-virus level.
Subsequently, 1 delve into the binding and incorporation of the fusion
peptide (FP) of SARS-CoV-2 into the lipid membrane. As a result, this
discussion section is structured into three distinct segments.

The first part focuses on the molecular mechanisms associated with
the binding of enveloped viruses to cell surface receptors, taking into
consideration the outcomes of the EBOV receptor binding experiments.
This section also examines the influence of host enzymes on this

interaction.
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Moving to the second part, [ elaborate on the fusion domain
interaction of enveloped viruses with the host membrane. This analysis is
supported by an interpretation of the binding behavior of the fusion
peptide (FP) from SARS-CoV-2 to the lipid membrane.

Moreover, within this context, I address certain technical aspects of
AFM-based SMFS that contribute to the work's methodology.

Furthermore, I discuss the potential for extending these findings to future

research endeavors centered around related topics.
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5.1 Virus-receptor interactions in the entry of
enveloped viruses

The entry of the enveloped viruses into host cells is initiated by their
attachment to the surface of the host cell. This complex process
determines the cellular tropism and specificity of the virus and depends
on several sequential events to establish stable binding between the virus
and the host cell. Both viral glycoproteins and lipids play a key role in the
binding of the virus to the host cell. Interactions between viral
glycoproteins and cellular receptors are common in all viral binding, both
in non-enveloped and enveloped viruses. In contrast, interactions
between viral lipids and cellular receptors are entirely specific to the
entry of enveloped viruses. Based on ensemble assays that analyze the
behavior of viral particles, the interaction mechanisms between
enveloped viruses and cellular receptors are well described. However, the
quantitative details of the interactions between viral glycoproteins and
cellular receptors are still poorly understood at the level of single viruses.
In particular, studying the interactions between viral lipids and cellular
receptors, an aspect that currently receives little attention in enveloped

virus invasion, will expand our understanding of infections.

To facilitate understanding of the interaction of viral glycoproteins or
lipids with cellular receptors, we studied the binding of EBOV to cell
surface receptors (details in Chapter 3). We first identified DC-SIGNR
and TIM-1, named C-type lectin, dendritic cell-specific intercellular
adhesion molecule-3-grabbing nonintegrin receptor, and T-cell Ig and
mucin domain 1, as specific receptors for EBOV. Highlights of this work at

the level of a single virus include: i) demonstrating that DC-SIGNR binds
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to the EBOV glycoprotein (GP), ii) confirming that TIM-1 has affinity for
both EBOV GP and phosphatidylserine (PS) and serves as a dual-function
receptor; iii) extracting the kinetic and thermodynamic parameters of
these interactions, and iv) assessing the binding of EBOV to receptors on
living cells. Intriguingly, we also found that the binding of EBOV to cell
surface receptors depends on a stepwise activation mechanism of host
proteinases, whereby the host proteinase promotes the binding of TIM-1

to PS by cleavage GP.

Enveloped viruses use elegant strategies to bind to one or more
receptors. Our results confirm that the attachment factors of EBOV are its
GP or PS on the envelope, which binds to DC-SIGNR or TIM-1 on the
surface of the host cell. These results are consistent with previous reports
that DC-SIGNR acts as an attachment factor for EBOV to enter the host
cells (1) and TIM-1 serves as a receptor for EBOV on mucosal epithelial
surfaces (2). Crystal structures of carbohydrate-recognizing domains of
DC-SIGNR have confirmed that this receptor selectively recognizes
oligosaccharides with high mannose content (3). Recently, EBOV GP was
reported to be highly glycosylated with mannose (4). Considering the
binding between GP and DC-SIGNR, a possible alternative explanation is
that DC-SIGNR binds directly to glycans on GP, more specifically, to
mannose. Indeed, DC-SIGNR is widely used as an attachment factor in
enveloped viruses (5, 6). More importantly, the potential discovery that
the viral envelope PS serves as an attachment factor could significantly
advance virological research and the development of antiviral therapies,
as PS is widely used in enveloped viruses such as HIV (7), dengue virus
(8), influenza virus (9), and SARS-CoV-2 (10). The binding between TIM-

1 and EBOV PS plays a crucial role in answering the question of how TIM-
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related proteins interact with EBOV-PS and provides valuable insights
into the infection mechanism of various enveloped viruses through their
PS (11).

On the other hand, the infection of enveloped viruses is strictly
governed by the thermodynamics and kinetics of the interactions
between viruses and receptors. Unfortunately, thermodynamics and
kinetics are often overshadowed by complicated molecular and
biochemical processes. In this thesis, a major goal is to characterize the
thermodynamic potentials and kinetics of EBOV as it interacts with host
cell receptors at the single-virus level. Using AFM-based SVFS, we directly
quantified the kinetics and thermodynamics of EBOV binding to DC-SGIN
or TIM-1 in vitro and on living cells. It was suggested that a high binding
affinity between EBOV and DC-SIGNR or TIM-1 correlates with a wide
range of susceptibility to different cells, tissues, and organs in humans
(12).

Surprisingly, AFM-based SVFS revealed that TIM-1 acts as a dual-
function receptor of EBOV, as it can also directly interact with PS and GP
on the envelope. The results may clarify why TIM-1 is a functional
receptor for EBOV entry but just DC-SIGNR as an attachment factor.
Furthermore, our research findings strikingly demonstrate that TIM-1
prefers binding with EBOV-PS after the GP cleavage by host proteases.
This implies that enzymatic activation of EBOV-GP may be a prerequisite
for its entry into host cells. Coincidentally, a variety of enveloped viruses
exploit the host protease to regulate their cell entry and infection (13).
Targeting of host protease could lead to a useful strategy for treating

infections with some enveloped viruses.

In general, the observation of these detailed mechanisms of EBOV
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interaction with receptors opens the avenues to understanding that
enveloped viruses employ different host factors to attach to the host cell
surface. The discovery of PS as a viral attachment factor will be extended
to other enveloped viruses that may be broad targets of this category of
viruses. In addition, EBOV uses various host proteases to modify itself to
facilitate entry into host cells, providing valuable insights into how
enveloped viruses manipulate host functions to cause infection. However,
as the real EBOV must be conducted in a biosafety level 4 laboratory, the

generalizability of this work is limited to virus-like particles.
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5.2 Fusion domain binding to host membrane:

insights for enveloped viruses

After attaching to the surface of the host cell, the virus must release
its genome into the cell to continue its replication and transcription. This
process is initiated in enveloped viruses by the successful fusion of the
virus and host cell membranes. Membrane fusion requires the
overcoming of a high thermodynamic barrier in the merging of two
plasma membranes. Enveloped viruses overcome the energetic barrier by
storing Kinetic energy in fusion proteins that release energy through a
conformational transition, allowing direct fusion between the two
bilayers. The fusion protein adopts an intermediate conformation during
the conformational transition, exposing a fusion peptide (FP) to bind to
the cell membrane and bridge the viral and cellular membranes. The
interaction between FP and the host membrane is the foundation for the
fusion of the viral membrane. Understanding this interaction will provide
new insights into the mechanisms of enveloped viral entry and raise

hopes for better control of infections through new vaccines and inhibitors.

In the second investigation within this thesis (details in chapter 4),
we assessed how SARS-CoV-2 FP interacts with a lipid membrane. Using
a BLI experiment, we first demonstrated that the ability of SARS-CoV-2 FP
to bind to lipid membranes was substantially enriched when an exposed
N-terminus was present than when it was not. The results of AFM-based
SMFS on the height clamp mode are consistent with the results of BLI,
where the absence compared to the presence of an exposed N-terminus
did not bind to the membrane. These data indicate that the exposed N-

terminus plays a critical role in the binding of SARS-CoV-2 FP to the host
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membrane. The SARS-CoV-2 fusion peptide sequence begins with an
S2/S2' cleavage site (R815) buried in S2 protein domains that are
required for membrane fusion and are highly conserved in all genera of
the coronavirus subfamily, including SARS-CoV, SARS-CoV-2, and MERS-
CoV (14, 15). Previous studies have described that conformational
changes in S by receptor binding lead to cleavage of the S2/S2’ site by
TMPRSS2 or endosomal cathepsins to trigger exposure of the fusion
peptide region and then promote membrane fusion (16, 17). Our findings
complement this idea that the enhanced binding of FP to the host

membrane is due to the exposed N-terminus.

Then, we observed that the exposed SARS-CoV-2 FP binds with high
affinity (10-fold) to the cholesterol-containing lipid membrane, by
contrast to the sphingomyelin membrane. More importantly, the binding
of FP to the cholesterol membrane has a long lifetime at the single
molecule level, suggesting that this interaction is highly stable. These
observations showed that cholesterol increases the binding of FP to the
host membrane. Membrane composition affects the membrane fusion of
enveloped viruses by altering the organization and dynamics of both the
host membrane and viral fusion peptides (18, 19). The results of viral
membrane fusion in the model have thoroughly demonstrated the
involvement of cholesterol in the membrane fusion of enveloped viruses
(20, 21). Our findings shed new light on how cholesterol promotes
membrane fusion of enveloped viruses by enhancing FP binding to the
membrane. According to one theory, the effect of cholesterol can be
transmitted in two ways: through its influence on general membrane
properties or through the specific interaction of cholesterol with peptides

(19). Our data indicate that the latter way is preferable, as cholesterol
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increases the binding affinity of FP to the lipid membrane. Surprisingly,
the infection assay of pseudo-typed viruses of SARS-CoV-2 shows that the
infectivity is inhibited after the removal of cholesterol from the host
membrane, suggesting that cholesterol is important for the infection of
enveloped viruses. Identification of correlations between viral infection
and cholesterol in membrane composition, i.e., increase in binding of
fusion peptides to the membrane. Additionally, this could also explain
why infection of many enveloped viruses depends on the cholesterol-rich
region of the host cell (22, 23) and why cholesterol-modifying drugs can
prevent SARS-CoV-2 infection (24, 25).

In addition to the direct effects of lipid composition, the structure of
viral fusion peptides is an important element in membrane fusion
because it determines the interaction of the peptides with the membrane
and triggers a conformational change in the fusion protein that provides
the energy required for viral membrane fusion. The full length of FP in
SARS-CoV-2 contains 40 amino acid residues consisting of an internal
disulfide bridge and three a-helices connected via a flexible linker (26, 27).
In agreement with previous reports (28, 29), our results show that the
internal disulfide bridge between Cys840 and Cys851 significantly
enhances the interaction between FP and the lipid membrane. This may
be due to that the disulfide bond stabilizes the helices of FP at the C-
terminus, which are crucial for the binding of SARS-CoV-2 FP to cell
membranes. Crucially, we have directly captured the binding of SARS-
CoV-2 FP to the membrane at the single-molecule level and restructured
the free energy landscape of these processes. Quantitative analysis of the
kinetics and thermodynamics of fusion peptide interactions with a

membrane can directly elucidate its functions. However, current research
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is primarily based on molecular dynamics simulations or systematic
experiments (30), and quantitative analysis of the Kinetics and
thermodynamics are not as well understood at the single-molecule level.
Our research fills this gap, and this approach could allow us to efficiently
analyze the free energy of peptides or proteins that bind to and insert into

the membrane.

Moreover, a central question in the insertion of peptides into a
membrane is whether the formation of a stable structure of the peptide
occurs before or after its insertion into a membrane (31). Our findings
suggest that a stable structure of SARS-CoV-2 FP is required for binding
to the membrane, because its internal disulfide bridge, an important
component of stable a-helices, promotes binding to the lipid membrane.
This could be an extremely useful guide for the insertion and folding of
membrane proteins, as their transmembrane domains often contain one
or more o-helices (32). Further experimental studies with a range of
transmembrane peptides in membrane proteins could lead to a definitive
conclusion on the mechanisms of binding and folding of membrane

proteins.
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5.3 AFM-based SMFS technical viewpoint on the

context of enveloped viruses

The entry of enveloped viruses is based on specific interactions
between viruses and host cells. These interactions materialize as
molecular forces (including hydrogen bonding, electrostatics, and
hydrophobicity) at the level of individual molecules. They constitute the
underlying physicochemical foundation for the molecular recognition
that takes place between viruses and cells. Deciphering these interactions
is a challenge that requires not only the development of creative tools but
also the application of conceptual and mathematical frameworks that can
analyze the thermodynamic and statistical principles of physics. State-of-
the-art AFM technology enables the measurement and manipulation of
the molecular interactions involved in the entry of enveloped viruses and
provides the opportunity to study the different parameters of the early
viral infection process with exceptional resolution at the single-molecule
level. However, there are several challenges in applying the AFM-based
single-molecule force spectroscopy (AFM-SMFS) to the entry of
enveloped viruses. In the following, we discuss the experimental and
theoretical framework for using AFM-SMFS to study and monitor

interactions during the entry of the enveloped virus into cells.

To maintain the integrity of the membrane of enveloped viruses,
experiment conditions must be carefully controlled during the
purification process, including temperature, pH, and ions concentration
of the buffer. In particular, the use of detergents is prohibited during
purification, because they may damage the integral membrane of

enveloped viruses by dissolving the membrane. The purified virus
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particles should be stored at -80°C until use, and freezing should not be

repeated.

One major challenge in applying AFM applied to enveloped viruses is
the functionalization of the AFM tips with the virus particles, which is a
key effect in ensuring individual interaction. Since this is a multi-step
reaction with a PEG spacer as a tether to cross-link the virus particles to
AFM tips. Each step should be carefully executed to ensure successful
functionalization. To obtain the best results in the force curves and
topography images, we should choose the AFM tip with a suitable spring
constant and high resolution. As described in the results section, PFQNM-
LC (live cells) and MSCT (model surface) are used in the binding of EBOV
to receptors, while AC-40 is used to study the binding and embedding of

FP to the lipid membranes.

Second, to estimate the interaction of a single enveloped virus with
the receptors, the amount of virus particles at the AFM tip apex is
regulated by adjusting the ratio of the virus to PEG spacer concentration.
This depends also on the size of the AFM tip and the experimental
requirements (33). Occasionally, we have to change the ratio based on the
actual studies. If the accessibility of the interaction is limited by the
orientation of the proteins or peptides, the oriented functionalization
should be generated with a special tag. Examples include the
immobilization of proteins with histidine tag using tetradentate chelation
of Ni2+ ions, the ‘click’ reaction of alkyne-azide cycloaddition, and the
formation of an amide bond with sortase A between the carboxyl group

of the LPXTG motif and the amino group of glycine.

Additionally, when protease is involved in the functionalization of

AFM tips, the activation of the enzyme should be ensured to achieve the
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best reaction efficiency. For instance, sortase A and TMPRSS2 are used in
the study of SARS-CoV-2 FP, while cathepsin-B, cathepsin-L, and tumor

necrosis factor-converting enzymes are used in EBOV.

During AFM experiments, relevant physiological conditions should be
maintained (pH, electrolyte, and temperature) and ensure that the
sample remains unaltered over the timeframe of the experiments. While
a lipid membrane may be stable for up to a week, the process of
membrane degradation begins with its formation; therefore, it is
recommended that the lipid membrane is imaged within three days.
Within the context of a living cell, it becomes imperative to detect the
presence of expressed receptors on the cell surface before initiating an
AFM experiment, which can be done for example by combining AFM and
confocal experiments. To keep cells alive, they must be maintained under
physiological conditions—specifically, at 37°C, with 5% CO;, and an
approximate humidity level of 95%. This meticulous environmental
control is necessary since the status of living cells is influenced by an

array of both physical and chemical variables.

Interpreting virus-host cell interactions plays a fundamental part in
nearly all virus infections, especially in the binding behavior of virions at
the single-molecule or particle level. While the application of AFM-based
SMFS in this field is still in its infancy, it already provided valuable results.
Currently, there are several issues to consider when interpreting the
experimental results of AFM-based SMFS. First, the data collected must
be used to determine whether these interactions are specific or non-
specific; normally, the interaction between a virus and its receptor is
specific. Although a flexible elastic PEG linker that attaches the virus to

the AFM tips helps to exclude certain non-specific adhesion over short
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distances (34, 35), it is not sufficient to eliminate all background signals.
To solve this problem, numerous control experiments should be
performed to check for specific interactions, such as blocking
experiments with free antibodies and enzyme cleavage. Second, a
significant capability of AFM-based SMFS is to distinguish the monovalent
or multivalent interactions of different viruses with their receptors and
to discover the precise molecular mechanisms behind these differences.
Indeed, as described in Chapter 3, the multivalent and high-affinity
interactions can determine whether the virus is successfully able to infect
the host cell. Third, SMFS was performed using two distinct AFM modes:
FV on model surfaces and PFT on the living cells. The fundamental
difference between these two modes, as discussed in Chapter 1.2 and
illustrated in Chapter 3, is the rate at which the cantilever approaches
and retracts cycles, i.e. the loading rate is different. This explains why
rupture events occur further from equilibrium on living cells when the
virus binds to receptors, compared to the model surface. Furthermore,
the diverse contact times between the tip and the surface prevent a
straightforward comparison of binding probabilities between these two

modes.

Finally, SMFS is used to extract kinetic and thermodynamic
parameters that define the entry of enveloped viruses, which is necessary
to perform quantitative analyses of their infection. In this work, we used
the Bell-Evans model to fit the DFS data and the Bell or DHS model to fit
the height clamp data, as described in Chapter 3 and Chapter 4,
respectively. A comparison of the DFS data obtained from an external
force application with the lifetime data collected under height-clamp

observes several differences. In the absence of the external force
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application, the height clamp represents the equilibrium state or the
near-equilibrium state of molecular interactions. Notably, the
thermodynamics can be directly extracted from the force-lifetime data
using DHS model. However, this only applies to circumstances involving
the binding, folding, or insertion of proteins and peptides into
membranes. The kinetic analysis of the DFS data using the Bell-Evans
model remains valid for the broader virus-receptor interactions.
Additionally, the extraction of the on-rate of kinetics is also another
important aspect for binding of virus-receptor, as described in Chapter 3.
The evaluation of on-rate depends on the size of AFM tips, the length of
the PEG linker, and the size of the protein or virus, which determine the

efficient volume and concentration of ligand-receptors interactions.

Overall, our protocol opens the door to a better understanding of the
entry of various enveloped viruses. We anticipate that this protocol can
be used to study how other enveloped viruses interact with their host
cells and that this knowledge will contribute to the development of

vaccines and treatments for diseases caused by enveloped viruses.

While AFM-based single-virus and single-molecule force
spectroscopy methods offer numerous advantages for investigating the
interactions of viral glycoproteins, they also come with inherent
limitations. First and foremost, one challenge is the difficulty in precisely
controlling the density of chemical reagents applied to the surface of AFM
tips. Consequently, it's possible that more than one molecule or virus may
be present at the apex of the AFM tips. As mentioned earlier, despite
various strategies employed to mitigate this issue, AFM-based single-
molecule experiments may still encounter occasional complications due

to this limitation.
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Another crucial consideration when studying single-molecule
interactions is the density of receptors on the model or cellular surface.
This density is often constrained by the methods used for surface
preparation in model systems or the exogenous expression on cellular
surfaces. To enhance the credibility and reproducibility of single-
molecule experiments, it becomes imperative to conduct repeated

experiments and explore alternative assays.

Furthermore, it's important to note that AFM alone cannot identify
specific molecules or their functional signaling events within cells. To
address this limitation, researchers commonly employ complementary
techniques and strategies alongside AFM, such as fluorescence

microscopy and molecular and cellular methods.

Additionally, the adoption of single-molecule measurements using
AFM is limited due to the specialized equipment required and the higher
technical expertise involved, which can act as barriers to wider
acceptance within the molecular bioscience community. Nevertheless, we
remain optimistic that as researchers work to overcome these limitations,
this technique will make significant contributions to our understanding
of biological mechanisms and the development of stable therapeutics

based on biophysics in the future.
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Conclusions and outlook

The first goal of this thesis was to use AFM at the single-virus level to
probe the interactions between EBOV and cell surface receptors and the
involvement of host protease in the activation of viral glycoprotein
(Chapter 3). We effectively identified TIM-1 and DC-SIGNR as attachment
receptors of EBOV by quantitatively studying of these interactions when
EBOV binds to them. We then extracted the kinetics and thermodynamics
of the interactions and discovered that the two receptors bind EBOV to
the cell surface with high affinity. Next, we verified the binding ability of
EBOV to these two receptors directly on living cells. Furthermore, we also
examined the effect of host proteases (cathepsin-B, cathepsin-L, and
tumor necrosis factor-a converting enzyme) on the activation of the viral
glycoprotein, which allows a more effective binding to facilitate successful
viral entry. Remarkably, TIM-1 binds to either EBOV-GP or PS, thus acting
as a dual-receptor for EBVO, with the latter being favored when GP is

activated by enzymatic cleavage.

Another aim of the thesis was to study the binding of a fusion peptide
(FP) of SARS-CoV-2 (Chapter 4). AFM was developed as a tool of force
sensing (AFM-based SMFS in height-clamp mode), which was used to
monitor the binding of SARS-CoV-2 FP. Using biolayer interferometry
experiments and AFM-based SMFS in height-clamp mode, we
demonstrated that cholesterol enhanced the binding of FP to the
membrane compared to the sphingomyelin in lipid components. The

enhancement was validated at the S2 subunit level, which contain the FP
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fragment. Strikingly, we discovered that an internal disulfide bond in FP
dramatically increased this binding to the membrane, which may be due
to the fact that the disulfide bond strengthens the mechanical stability of
the FP. Additionally, we also discovered that removing the cholesterol in
the the target cell membrane can effectively inhibit the infection of

pseudotyped SARS-CoV-2.

Overall, in this thesis, we have provided a comprehensive analysis of
the various detailed processes that take place during the entry of
enveloped viruses. From the attachment of EBOV to the host cell surface
to the binding of the SARS-CoV-2 fusion peptide, these processes of
enveloped viral entry are critical for their infection. The main focus of my
thesis was to provide a detailed interpretation of these steps that can
support the development of vaccines and antiviral agents against diseases
caused by these viruses and to build a framework for understanding the
infection of enveloped viruses. Of particular note is the fact that our
research highlights the importance of the FP binding to the membrane,
(Chapter 4). Surprisingly, this crucial discovery had previously been
overlooked. We anticipate that these findings will help to better
understand the interaction between FP and the host membrane, which
could provide new hope for the therapy of enveloped viruses infection. In
addition, the many theories and methods we have covered in this thesis
will hopefully be applicable to other aspects of biology, such as virus-
receptor binding, protein-protein interaction, and membrane protein

insertion.

While AFM is a powerful tool for studying the intricate dynamic
mechanisms of envelope virus invasion, it cannot be used to study every

stage of the infection pathway due to its inherent limitations. Because
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AFM is a surface analysis technology, it does not provide access to events
occurring within cells. However, the majority of activities in the life cycle
of enveloped viruses take place inside the cell. Therefore, new
experimental techniques are needed that can be combined with AFM to
study the mechanisms of viral infection in a subcellular environment and
at high resolution to reveal the underlying mechanisms of viral infection.
In one revealing example, fluidic force microscopy was used in
conjunction with a fast-scanning confocal microscope to study the
internalization of reoviruses. Binding of reoviruses to integrin promotes
the recruitment of clathrin to induce uptake of reoviruses into host cells
(1). In addition, super-resolution fluorescence microscopes are
considered the most important complementary tools to follow
internalization, transport, fusion, genome transport, assembly, and egress
throughout the viral life cycle. These techniques include structured
illumination microscopy (SIM), stimulated emission-depletion
microscopy (STED), photoactivation localization microscopy (PALM), and
stochastic optical reconstruction microscopy (STORM). This family has
been extended to include higher resolution, even with sub-nanometer
accuracy, thanks to the recently developed MINFLUX nanoscopy and DNA-
PAINT technology. These techniques make it possible to map the spatial
position of the molecules of interest and to follow the molecular
trajectories of specific particles and extract quantitative information with
unprecedented resolution (2, 3), which can be related to the biophysical
parameters detected by AFM. Furthermore, coupling these techniques
with deep learning algorithms based on artificial intelligence will provide
researchers with powerful tools to gain valuable new insights into
enveloping virus infection. Finally, molecular dynamics simulations are

increasingly being used to complement such experiments to better
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understand atomic-level mechanisms, such as membrane fusion of the

enveloped virus.
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Study of the interactions established between the viral glycoproteins and their host
receptors is of critical importance for a better understanding of virus entry into cells. The
novel corcnavirus SARS-CoV-2 entry into host cells is mediated by its spike glycoprotein
(S-glycoprotein), and the angiotensin-converting enzyme 2 (ACE2) has been identified as a
cellular receptor. Here, we use atomic force microscopy to investigate the mechanisms by
which the S-glycoprotein binds to the ACE2 receptor. We demonstrate, both on model
surfaces and on living cells, that the receptor binding domain (RBD) serves as the binding
interface within the S-glycoprotein with the ACE2 receptor and extract the kinetic and
thermodynamic properties of this binding pocket. Altogether, these results provide a picture
of the established interaction on living cells. Finally, we test several binding inhibitor peptides
targeting the virus early attachment stages, offering new perspectives in the treatment of the
SARS-CoV-2 infection.
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to be responsible for an outbreak of potentially fatal atypical

pneumonia, ultimately defined as coronavirus disease-19
(COVID-19), in Wuhan, China. This novel CoV, termed severe
acute respiratory syndrome (SARS)-CoV-2, was found to share
similarities with the SARS-CoV that was responsible for the SARS
pandemic that occurred in 2002. The resulting outbreak of
COVID-19 has emerged as a severe pandemic. The genome of
SARS-CoV-2 shares about 80% identity with that of SARS-CoV
and is about 96% identical to the bat coronavirus BatCoV
RaTG13 (ref. !).

CoV entry into host cells is mediated by its brane
spike () g]ycoprotem that forms homotrimers protmdmg from
the viral surface~ (Fig. 1a). The S g!ycoprotcm comprises two
functional sub ible either for b g to the host cell
receptor (S1 subunit mcludmg the receptor-| bmdmg domain
(RBD)) or for fusion of the viral and cellular membranes
(S2 subunit). Recent studies claimed that the angiotensin-
converting enzyme 2 (ACE2), previously identified as the cel-
lular receptor for SARS-CoV, also acts as a receptor of the new
coronavirus (SARS-CoV-2)? (Fig. 1b). In the case of SARS-CoV,
the S glycoprotein on the virion surface mediates receptor
recognition (Fig. 1c) and membrane fusion*>. Recently, the high-
resolution cryo-electron microscopy structure obtained on the
full-length human ACE2 in the presence of the RBD of the S
glycoprotein of SARS-CoV-2 suggests simultaneous binding of
two S-glycoprotein trimers to an ACE2 dimer?. The S2 subunit is

I n December 2019, a novel coronavirus (CoV) was determined
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Membrane
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ACE2 Cell membrane

Y Y TI

Surface

further cleaved by host proteases located immediately upstream
of the fusion peptide®, leading to the activation of the glycopro-
tein that undergoes extensive irreversible conformational changes
facilitating the membrane fusion process. Altogether, the infor-
mation obtained so far highlights the fact that CoV entry into
susceptible cells is a complex process that requires the concerted
action of receptor binding and proteolytic activation of the S
glycoprotein at the host cell surface to finally promote virus—cell
membrane fusion. However, so far, direct evidence about the
dynamics of the binding of the S1- to the ACE2 receptor at the
ingle-molecule level is missi

Her& we analyze the blophysncal properties of the SARS-CoV-2
S-glycoprotein binding, on model surfaces and on living cells, to
ACE2 receptors using force-distance (FD) curve-based atomic
force microscopy (FD-curve-based AFM) (Fig. 1c). We extract
the kinetics and thermodynamics of the interactions established
in vitro, and compare the binding properties of both the
S1 subunit and RBD. Next, we test short ACE2-derived peptides
targeting the viral S glycoprotein as potent binding inhibitor
peptides and observe a significant reduction in the binding
properties.

Results

S1 subunit specifically binds to purified ACE2 receptors. As
SARS-CoV-2 binding to ACE2 receptors is thought to play akey
role in the first binding step at the cellular membrane®, we first

glyooomtem S)

: &

PDB ID:6VSB

Model surface

A549-eGFP-ACE2 cells

Fig. 1 Probing SARS-CoV-2 binding to the ACE2 host receptor. a Schematic of a SARS-CoV-2 particle, an enveloped ssRNA virus expressing at its surface
the spike glycoprotein (S) that mediates the binding to host cells. b Structural studies have previously obtained a complex between the receptor-binding

domain (RBD, a subunit of the S glyc in) and the

ing enzyme 2 (ACE2) receptor. € Schematic of probing SARS-CoV-2 binding

using atomic force microscopy (AFM). The initial attachment of SARS-CoV-2 to cells involves specific binding between the viral S glycoprotein and the
cellular receptor, ACE2. The interactions are monitored by AFM on model surfaces, where the ACE2 receptor is attached to a surface and the S1 subunit or
the RBD onto the AFM tip, and on A549 living cells expressing or not fluorescently labeled ACE2.

2 NATURE COMMUNICA

188

15| (2020)11:4541] hitps://doi.org/10.1038/541467-020-18319-6 | www.nature.com/naturecommunications



Appendix

ARTICLE

a b \
. Non-adhesive
Photodiode
it \ Adhesive
=
3
8L
50 nm
¢ p=T7.87TES d
e, __ P=10@EES E TITTT
P TERRRES T T
™ p=1278aBE-5 Bound  Unbound
& p= 1818876 &
F 2l
c oy
s RN R el Vo
& g 3 IR
. E S IR s LT
. é E =
s1 RBD  PEG- 81 RBD Reaction coordinate
P vs'bare surface
€ 200 -

Dt poings op model suface
By,

z
2
g 100
5
[
o T T T T J
10° 107 10° 10° 10° 10°
z
&
@
2
S
14
0 T T T T J
10" 10 10* 10 10" 10°

BP (%)

0 200 400 600 800 10001200
Contact time (ms)

of
0 200 400 800 BOO 10001200
Contact time (ms)

used FD-curve-based AFM to evaluate at the single-molecule level
the binding strength of the interaction established between the
glycosylated S1 subunit and ACE2 receptors on model surfaces
(Fig. 2a). To mimic cell-surface receptors in vitro, ACE2 receplors
were covalently immobilized onto gold surfaces coated with OH-
and COOH-terminated alkanethiols using carbodiimide con-
jugation (see Methods). These model surfaces were imaged by
AFM, and the thickness of the grafted layer was validated by a
scratching experiment, revealing a deposited layer of 6.1 + 0.4 nm
(mean + 5.D., N — 3} (see Methods and Supplementary Fig. 1). To
study the interaction between the S1 subunit and the immobilized
ACE2 receplors, we covalently grafted either the purified full
S1 subunit or RBD only to the free end of a long polyethylene
glycol (PEG),, spacer attached to the AEM tip”~?. To investigate
the properties of the binding complex, force-distance (FD) curves
were recorded by repeatedly approaching and withdrawing the

Fig. 2 Probing S-glycoprotein binding to the ACE2 host receptor on model
surface. a Binding of S-glycoprotein subunit (51 or RBD) is probed on an
ACE2-coated surface. b Retraction part of four force-distance curves
showing either nonadhesive or specific adhesive curves. ¢ Box plot of
specific binding probabilities (BP) measured by AFM between the
functionalized tip (S1, RBD, or PEG) and the grafted surface (ACE2 or OH-/
COOH-terminated alkanethiol (bare surface)). One data point belongs to
the BP from one map acquired at 1pm/s retraction speed. The square in the
box indicates mean, the colored box indicates the 25th and 75th
percentiles, and the whiskers indicate the highest and the lowest values of
the results. The line in the box indicates median. N =112 (51, RBD), 18 (PEG),
and 9 (51, RBD vs. bare surface) maps examined over 4 (51, RBD), 6 (PEG),
and 3 (51, RBD vs. bare surface) independent experiments. d Bell-Evans
model describing a virus-receptor bond as a two-state model. The bound
state is separated from the unbound state by a single energy barrier located
at distance x,,. ko and kg, represent the dissociation and association rate,
respectively. & f Dynamic force spectroscopy (DFS) plot showing the
distribution of the rupture forces as a function of their loading rate (LR)
measured either between the 51 subunit and the ACE2 receptor (N = 1052
data points) (e) or between the RBD and the ACE2 receptor (N=1490
data paints} (f). The error bar indicates s.d. of the mean value for a single
interaction (0-200 pN). The solid line represents the fit of the data with the
Bell-Evans fit. Experiments were reproduced at least four times with
independent tips and samples. g h The BP is plotted as a function of the
contact time for 51 subunit and RBD on ACE2 model surfaces, and data
points were fitted using a least-squares fit of a monoexponential growth.
One data point belongs to the BP from one map acquired at 1pm/s
retraction speed for the different contact times. Experiments were
reproduced three times with independent tips and samples. P values were
determined by two-sample t test in Qrigin. The error bar indicates s.d. of
the mean value, Source data are provided as a Source Data file.

$1 subunit or RBD- functionalized tip from the ACE2 model
surface (Fig. 2a, b). Specific adhesion events were observed on
4-5% of the retraction FD curves al rupture distances >15nm,
which corresponds to the extension of the PEG linker (Fig. 2c and
Supplementary Fig. 2), and is in line with studies carried out for
other virus-cell-surface receptor systems®!"-12, To confirm the
specificity of these interactions, we conducted additional inde-
pendent control experiments using (i) an AFM tip only functio-
nalized with the PEG linker or (ii) toward OH-/COOH-
terminated alkanethiol surfaces missing the receptor. The binding
frequency observed during those control experiments is sig-
nificantly lower, thereby confirming the specificity of the
S1 subunit/RBD-ACE2 complexes under our experimental con-
ditions (Fig. 2c).

Exploring the dynamics of §1 subunit-ACE2 interaction.
Single-molecule force-probing techniques, such as FD-based
AFM, measure the strength of a bond under an externally
applied force, enabling to get insights into the binding free-energy
landscape. According lo the Bell-Evans model'>', an external
force stressing a bond reduces the activation-energy barrier
toward dissociation and, hence, reduces the lifetime of the ligand-
receptor pair'® (Fig. 2d). The model also predicts that far-from-
equilibrium, the binding strength of the ligand-receptor bond is
proportional to the logarithm of the loading rate (LR), which
describes the force applied on the bond over time. To investigate
the kinetics of the probed complex, FD curves were recorded
at various refraction rates and contact times (Fig. 2e-h). Dyna-
mic force spectroscopy (DFS) plots were obtained for both
S1 subunit (Fig. 2e} and RBD (Fig. 2f) binding toward immobi-
lized ACE2 receptors. In each case, the unbinding force increases
linearly with the logarithm of the LR, as observed earlier for other
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virus-receptor bonds®!1%1 L1817 To determine whether single- or
multiple-bond rupture between SI/RBD and ACE2 is taking
place, bond strengths (every single gray data point in Fig. 2e, f)
were analyzed through distinct discrete ranges of LRs, plotted as
force histograms and further fitted with multipeak Gaussian
distribution, as established previously'"-!% (Supplementary Figs. 3
and 4). Using this distribution, we are able to determine the most
probable unbinding force of each force peak (maximum of rup-
ture force distribution; black dots plotted over mean LR of this
range in Fig. 2e, f), and can determine if single or multiple
interactions were taking place. The presence of multiple parallel
unbinding events is first observed in the distribution of rupture
forces with the presence of multiple Gaussian fits. The histograms
show that most probably only single interactions were taking
place; thus, the Bell-Evans model'> was used to fit the data
enabling to interpret the binding complex as a simple two-state
model, in which the bound state is separated from the unbound
stale by a single energy barrier (Fig. 2d). From the slope of the fit,
we estimated the length scale of the energy barrier (x,). We
obtained very close values, x, =0.81+0.05nm and 0.79 +0.04
nm for both the S1 subunit and RBD, showing that we are
probing similar bonds (Fig. 2e, f). The kinetic off-rate (k.z) or
dissociation rate is obtained from the intercept of the fit (at LR =
0) yielding kg values of 0.008 £0.005s~" and 0.009 + 0.006s~!
for S1 subunit and RBD, respectively. These values are in good
agreement with reported values obtained by surface plasmon
resonance for the $ glycoprotein (k,z= 0.003 s~'}!8 and the RBD
subunit (kg = 0.008 s~1) binding to ACE2 receptors!?.
Assuming that the receptor-bond complex can be approxi-
mated by a pseudo-first-order kinetics, we also estimated the
kinetic on-rate (k,,) from our single-molecule force spectroscopy
experiments!'! (Fig. 2g, h). This association rate is extracted from
the binding probability (BP) measured at various contact times,
and depends on the effective concentration described as the
number of binding partners (ligand + receptor) within an
effective volume Vg accessible under free-equilibrium interac-
tion. Ve can be approximated by a half-sphere with a radius
including the linker, the viral glycoprotein (S1 subunit or RBD)
and the ACE2 receptor. For both the §1 subunit and RBD, we
observed that the binding frequency increased exponentially with
contact time, and we extracted an interaction time of ~0.250 ms,
leading to a ko, of 64x10*M~'s™! and 80x10*M~1s71,
respectively. Finally, the dissociation constant Kp, is calculated as
the ratio between the k. and the k., yielding values around
~120 nM for both complexes. This value corresponds to a high-
affinity interaction, confirming the specificity of the complexes
established by SARS-CoV-2 with the ACE2 cell-surface receptor,
which in turn results in a long lifetime of the virus attachment to
the cell surface. Other interaction studies between SARS-CoV
(80% sequence homology to SARS-CoV-2) and ACE2 reported
specific, high-affinity association values also in the nM range2.
For comparison, a variety of examples for low- as well as high-
affinity interactions between other virus-receptor pairs are
summarized in Dimitrov et al2! and include influenza A—SA
(mM) or HIV-1—CD4 (nM) interactions. For single-molecule
interactions, the bond lifetime 7 can be directly related to the
inverse kinetic off-rate (1= kog™"), resulting here in a 7 of 125 ms
for the SI subunit and 111 ms for the RBD, respectively. Of
course, at the virion level, the overall bond lifetime will increase
with the multivalence of the interaction. By definition, high-
affinity interaction has a long lifetime as the dissociation constant
Kp is defined as the ratio between k. and k,,. For high-affinity
interactions, the K, is in the nM range, leading to kg «k,, and
therefore maintaining the interaction in its bond state for very
long times, making the development of anti-binding molecules
targeting this interaction more difficult. Finally, we also used
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optical biolayer interferometry (BLI) to confirm the kinetic
parameters characterizing this interaction, and obtained very
close affinities in the same nM range as AFM experiments
(Supplementary Fig. 5). Taken together, our in vitro experiments
confirm that SARS-CoV-2 binding to the ACE2 receplors is
mediated by the RBD-ACE2 interface as our experimental
conditions did not highlight any significant difference between
S1 subunit and RBD binding.

Validation of the interaction on living cells. Next, we wanted to
investigate whether the interaction probed on isolated receptors is
also established in physiologically relevant condition. To this end,
we performed binding assays on living A549 cells (human ade-
nocarcinoma alveolar basal epithelial cells). While this cell line is
widely used as a type IT pulmonary epithelial cell model, it has
been shown recently that those cells are incompatible with SARS-
CoV-2 infection?®. Interestingly, ACE2 expression positively
correlated with the differentiation state of epithelia. Although
undifferentiated cells (cultured at low confluency) only express
little ACE2, overexpression of ACE2 in undifferentiated A549
cells facilitated virus entry?®. We transiently transfected
ACE2-eGFP in A549 cells (A549-ACE2) and probed S1-subunit
binding to those cells as well as to A549 cells (serving as internal
control) (Fig. 3a and Supplementary Fig. 6). Confocal images
showed ACE2-eGFP receptors homogeneously distributed in
small domains at the surface of A549 cells (Fig. 3b). Guided by
fluorescence (Fig. 3¢), we chose areas in which both cell types, i.e.,
transfected (A549-ACE2, green fluorescence) and nontransfected
(A549, no fluorescence) cells, were in proximity to one another.
Having both A549 cell types in one image area served as a direct
control to evaluate whether interactions measured by the func-
tionalized tip were indeed due to specific binding to fluorescent
ACE2-eGFP receptors, and to evaluate the extent of other types
of interactions (Fig. 3c-e). In such area, we simultaneously
recorded a height image (Fig. 3d) and the corresponding adhesion
map (Fig. 3e), which were reconstructed from FD curves recorded
for each topographic pixel. The retraction part of FD curves
showed specific adhesion events mainly on A549-ACE2 cells,
with a significantly higher BP (Fig. 3f), as exemplified with the
presented adhesion map that shows 20.1% of adhesive pixels on
the A549-ACE2 cell versus 13.5% on the control cells (Fig. 3e and
Supplementary Fig. 7). Specific binding forces (and correspond-
ing LR) were extracted from force vs. time curves recorded on
A549-ACE2 cells (Fig. 3g) and overlaid on the DFS plot obtained
on purified ACE2 receptors (Fig. 3h). To explore a wide range of
LR, we probed the interaction at various frequencies and ampli-
tudes (see Methods). We observed a very good alignment between
the data obtained on purified receptors and on living cells con-
firming the physiological relevance of our results obtained on
model surfaces.

$1 subunit binding to the cell involves other receptors. Our FD-
based AFM experiments performed on living cells put in evidence
that the S1 subunit interacts even on control cells with a fre-
quency =10% although the expression level of ACE2 should be
very low as the cells are not differentiated. Nevertheless, some
evidence pointed out that human CoV § glycoproteins possess
sialic acid (SA)-binding sites and in particular to 9-O-acetyl-
sialngycanszt and that integrins could also be a receptor for the
SARS-CoV-2 (ref. 2%), which possesses a RGD motif close to the
ACE2-binding site. To evaluate whether these other receptors
could be involved during the early binding steps to the cell sur-
face, we performed additional experiments by injecting 9-O-
acetyl-sialogycans to block interaction with cell-surface SA, or
added cyclo-RGD (cRGD) to compete with the interactions with
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integrins. After SA injection, the binding frequency was reduced
on A549 cells down to ~7% and to ~10% on ACE2-transfected
cells (Fig. 3f and Supplementary Fig. 8). For integrins, injection of
cRGD only reduces the binding frequency of ~1-2% on both cell
types, which is in good agreement with the fact that integrins are
mostly expressed on the bottom of the cell?. Altogether, these
data obtained on cells by AFM represent to date the best evidence
that S1-ACE2 complex is established in physiologically relevant
conditions and underlines the complex situation with multiple
cell-surface receptors accounting for the whole interaction.

Inhibition of S1-subunit binding using ACE2-derived peptides.
Human recombinant soluble ACE2 (hrsACE2) is currently being
considered for treatment of COVID-19 (refs. 2728). However,
ACE2 is involved in many key cellular processes, such as blood-
pressure regulation and other cardiovascular functions. There-
fore, hrsACE2 treatment could lead to dysregulation of those vital
processes and subsequently cause deleterious side effects for
treated patients. To avoid any interference of the ACE2 home-
ostasis, we wanted to test whether small ACE2-derived peptides
can also interfere with SARS-CoV-2 binding, by blocking binding
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Fig. 3 Probing S-glycoprotein binding to the ACE2 host receptor on living cells. a Binding of S-glycoprotein subunit 1 (S1) is probed on A54% and
AS549-ACE?2 cells. b Confocal microscopy (z stack) of AS49-ACE2-eGFP (green) cell transduced with plasma membrane BFP (blue). ¢ Overlay of eGFP
and DIC images of a mixed culture of AS49 and A549-ACE2-eGFP cells. d, e Force-distance (FD)-based AFM topography image (d) and the
corresponding adhesion map (e) in the specified area in (). The frequency of adhesion events is indicated. f Box plot of the binding probability between S1
and A549 cells (gray) or AS49-ACE2 cells (green) without and after injection of cyclic RGD (cRGD, checked boxes) or sialic acid (SA, dashed boxes),
respectively. The square in the box indicates mean, the colored box indicates the 25th and 75th percentiles, and the whiskers indicate the highest and the
lowest values of the results. The line in the box indicates median. g Force versus time curves showing either a nonadhesive curve (bottom) or specific
adhesive curves acquired at different LRs (LR1-LR3). h DFS plot showing the distribution or the rupture forces measured either between the S1 subunit and
the ACE2 on model surfaces (black dots, extracted from Fig. 2e), and between the 51 subunit and ACE2-overexpressing AS49 cells acquired at three
different LRs (blue and red dots) (N = 403). Blue dots belong to a data set acquired in fast-force volume mode, with a retraction velocity of 20 ums~1
(LR1). Red dots belong to data sets acquired in peak force tapping mode with 0.125 kHz peak force frequency and 375-nm amplitude (LR2) or at 0.25 kHz
and 750 nm (LR3), respectively. The error bar indicates s.d. of the mean value. Histograms of force distribution on A549-ACE2 cells for LR1-LR3 are shown
on the side. For experiments without injection of cRGD or SA, data are representative of at least N =11 cells from N = 6 independent experiments. The data
for blocking experiments with cRGD or SA were acquired for at least N =4 cells from N =2 independent experiments. P values were determined by two-

sample ¢ test in Origin. Source data are provided as a Source Data file.

sites on the S glycoprotein. To this end, we synthetized four
different peptides (sequences provided in Supplementary Fig. 9),
which have been selected to mimic the regions of ACE2 that
interact with the S1 subunit as determined by the crystal struc-
ture?”, and we tested their binding inhibition properties using our
single-molecule force spectroscopy approach (Fig. 4a, b). We first
measured the BP between the S1 subunit and the ACE2 in the
absence of peptide (0uM), with a contact time of 250 ms, as
reference, and then injected our ACE-derived peptides at three
different concentrations (1, 10, and 100 uM). For the four pep-
tides, we observed a progressive reduction of the BP as a function
of the concentration confirming a specific inhibition. In addition,
for each peptide, we noticed a reduction of >50% of the probed
interactions already for the 1-10 pM concentration, suggesting a
50% inhibitory concentration (ICsg) in the uM range. The
[22-44] peptide shows the highest inhibition of the §1-ACE2
complex formation with a measured reduction in the BP of ~76%.
The [22-57] peptide shows a similar inhibition potential (~74%),
suggesting that the additional amino acids do not influence the
overall affinity of the peptide for the S1 subunit, as also confirmed
by molecular dynamics (MD) simulations showing that although
the peptide 22-57 is longer, less H bonds are established between
the peptide and the RBD domain (Supplementary Fig. 10).
Overall, these results are in good agreement with the structural
insights because these peptides are derived from the N-terminal
helix of the ACE2 and therefore form with the RBD interface an
important network of hydrophilic interactions (including nine
hydrogen bonds and a salt bridge). Within the ACE2-RBD
complex, the [351—357] fragment is also part of a “hot binding
spot” that results in our test by a good score with a reduction of
~60% of the initial specific BP. Finally, the [22-44-g-351-357]
peptide was also synthetized and tested based on the fact that in
the crystal structure, the distance between S44 and L351 is close
enough to be filled by a single amino acid. A glycine residue was
added between the two fragments because the two ACE2 frag-
ments have opposite directionality, and glycine has a high pro-
pensity to form reverse turns. Nevertheless, under our
experimental conditions, we did not nolice any strong improve-
ment in the binding inhibition. Altogether, our in vitro assays at
the single-molecule level provide direct evidence that ACE2-
derived peptides are strong candidates to potentially inhibit
SARS-CoV-2 binding to ACE2 receptors (Fig. 4c).

ACE2-derived peptide blocks specific binding to living cells.
Finally, we tested whether the [22—57]-binding inhibition peptide
could also prevent S1-subunit binding in the cellular context
(Fig. 5). The interaction between the $1 subunit and the confluent
layer of a coculture of A549 and A549-ACE2 cells was probed
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before and after addition of the peptide at 100 uM. Before
injection, cells overexpressing the ACE2 receptors (A549-ACE2)
show higher BP (9.4+1.6% vs. 19.4+7.3%, for A549 and
A549-ACE2, respectively) (mean+S.D.,, N=4) (Fig. 5a-d), in
good agreement with our previous observation (Fig. 3f). After
injection of the [22—57] ACE2-derived peptide, we observed a
significant decrease of the BP on both cell types (Fig. 5e, f). In
particular, the BP on A549-ACE2 cells significantly drops
(~70%), reaching a level close to the one of the control cells.
Taking into account that undifferentiated A549 cells express little
ACE2 and are poorly infected by CoV?>, this result supports the
biological relevance of our ACE2-derived peptide acting as
potential inhibitor capable of efficiently blocking SARS-CoV-2
binding.

In conclusion, we investigated the interaction established
between the SARS-CoV-2 § glycoprotein and the ACE2 receptor
using single-molecule force spectroscopy. We demonstrated a
specific binding mechanism between the S1 subunit and the
ACE?2 receptor. By comparing the binding of the S1 subunit and
the RBD toward the ACE2 receptor, our experiment evidenced
that both domains interact with the same kinetic and thermo-
dynamic properties toward the ACE2 receptor, highlighting that
SARS-CoV-2 binding to ACE2 is dominated by the RBD/ACE2
interface. Our measurements show that under our physiologically
relevant conditions, the RBD binds the ACE2 receptor with an
intrinsic high affinity (~120nM), which could even be further
stabilized at the whole-virus level, thanks to possible multivalent
bonds between the S-glycoprotein trimer and ACE2 dimer.

Based on the available crystal structures of the molecular
complex, we examined how several ACE2-derived peptide
fragments could interfere with the $1-ACE2 complex formation.
While all tested peptides show binding inhibition properties,
peptides mimicking the N-terminal helix of the ACE2 receptor
show the best results. Both [22-44] and [22-57] peptides exhibit
an anti-binding activity with IC5, in the uM range, resulting in a
>70% decrease in the BP observed by AFM on purified receptor
and >70% on living cells. On the cellular model, we observed that
the BP drops to the level of the control cells (undifferentiated
A549 cells) that are poorly infected by CoV23. Therefore, those
peptides appear as strong therapeutic candidates against the
SARS-CoV-2 infection.

Methods

Cell culture and transfection. A549 cells (ATCC® CCL-185) were grown in
Ham's F-12 Nutrient Mix with 10% fetal bovine serum, penicillin (100 U ml~1),
and streptomycin (100 pg mL—1) (Gibco) at 37°C in @ humidified atmosphere
with 5% CO;. pcDNA3.1(+) ACE2-eGFP was transfected using Lipofectamine
LTX (Invitrogen) according to the manufacturer’s protocol. In brief, 2 pg of
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Fig. 4 Anti-binding effects of ACE2-derived peptides on S1-subunit
binding. a Efficiency of blocking peptides is evaluated by measuring the
binding probability of the interaction between the S1 subunit and ACE2
receptor on model surface before and after incubation of the functionalized
AFM tip with the four different peptides at increasing concentration
(1-100 uM). b Hi with the c data points overlaid in
dark gray, showing the binding probability without peptide (O uM) and
upon incubation with 1, 10, or 100 uM of ACE2-derived peptides ([22-44],
[22-57], [22-44-g-351-357], and [351-3571). The binding probability
measured with a polyethylene glycol (PEG) tip enables to evaluate the
nonspecific binding level. The prediction of the structure of the ACE2-
derived peptides is shown in the inset. The structure of the peptides is
based on the structure of the peptide in the crystal structure (PDB ID:
6mOj). For the [22-44-g-351-357] peptide, its structure was generated
using homology modeling*'. The error bar indicates s.d. of the mean value.
¢ Graph showing the reduction of the binding probability. Control with
ddH,0 is provided in the inset showing that repetitive measurements do
not result in a similar decrease of the binding probability. Data are
representative of at least N = 3 independent experiments (tips and sample)
per peptide concentration. P value was determined by two-sample t test in
Origin. The error bar indicates s.d. of the mean value. Source data are
provided as a Source Data file.

30l of triethylamine) and finally washed 3 times with chloroform and dried with

nitrogen.

For AFM tips functionalized with S1-subunit protein, 50 I of S1-subunit
protein solution (0.1 mg/ml) was put onto the cantilevers placed on Parafilm
(Bemis NA) and 2 pl of fresh NaCNBH; solution (6 wt% vol-1 in 0.1 M NaOH(aq))
was mixed in the protein solution. The cantilevers were incubated in the solution
for 1 h on ice. Then, 5l of 1 M ethanolamine solution was carefully added to the
protein solution and incubated 10 min to quench the reaction and finally washed
three times with PBS.

ForAmnpshvamdwnh!heRBmem 100 pl of a 100 uM tris-

ic amine 540 (Toronto Chemicals, Canada)
(tris-NTA) solution was put onto them placed on Parafilm, and 2 pl of fresh
NaCNBH,; solution was mixed in the protein solution. They were incubated in the
solution for 1h on ice. Then, 5l of 1 M ethanolamine solution in the protein
solution was added and incubated for 10 min. The mixture of 50 pl of RBD solution
(0.1 mgmi~") and 2.5l of 5mM NiCl: were put onto them and they were
incubated for 2 h. After incubation, they were washed in PBS solution three times.

Preparation of ACE2-coated model surfaces. ACE2 protein (Sino Biological,
90211-C02H) was immobilized using NHS-EDC chemistry. Gold-coated surfaces
were first rinsed with ethanol, dried with a gentle stream of nitrogen gas, cleaned
for 15mmbyL’Vandummn'atmmt (Jetlight), and incubated overnight in an
solumn(%ll maptolund:anollmM(SlgmaMdndl)and
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PcDNA3.1(4) ACE2-¢GFP was transfected to A549 cells (60-mm plate) using 6 pl
of Lipofectamine LTX and 2 pl of PLUS reagent (Invitrogen).

Functionalization of AFM tips. PFQNM-LC and MSCT-D cantilevers (Bruker)
were used to probe the interaction between S1 subunit (Genscript, :Lsmrcm)
or RBD protein (¢ =U5377FC120) and ACE2 protein (Sino Biologi

1% 16 d ic acid 1 mM (Sigma Aldrich) in ethanol). The che-
mmﬂyamvakdsampksmnnsedmﬂ!nhznol.dnedwnhnmogmgas and
immersed for 30 min in the solution of 100 mg of chemically activated dimethy-
laminopropyl carbodiimide (Sigma Aldrich) and 40 mg of N-hydroxysuccinimide
in 4ml of milliQ water. Finally, the surfaces were rinsed with milliQ water,
incubated with ACE2 protein (0.1 pyguL ! in PBS) on Parafilm (Bemis NA), and
washed in PBS.

FD-based AFM on model surfaces. FD-based AFM on model surfaces was per-
formed in PBS at room temperature using functionalized MSCT-D probes (Bruker,
nominal spring constant of 0.030 N/m and actual spring constants calculated using
thermal tune)*!. A Bioscope Resolve AFM (Bruker) operated in the force-volume
(contact) mode (Nanoscope software v9.1) was used. Areas of 5x 5 pum were
scanned, ramp size set to 500 nm, and set point force of 500 pN, with a resolution
of 32 x 32 pixels and a line frequency of 1 Hz.

DFS analysis (using a constant approach speed of 1 pm/s and variable retraction
speeds of 0.1,0.2, 1, 5, 10, and 20 um/s) and kinetic on-rate estimation (measuring
the BPﬁofdiﬂ'thdnmofu.SO 100, 150, 250, 500, and 1000 ms) were

DFS data i

90211-C02H) VHS PF_G‘..-Ph -aldehyde lmkzrs were used to funcnomlmr APM

luding LRs and disrup forces
were extracted using Nanmwpc analysis (v2.0, Bruker). Origin software

tips as Briefly, the were i din (OriginLab) was used to display the results in DFS plots to fit histograms of rupture
for 10 min and ﬁmherdellmd m alv radiation and ozone (UV-O) cleaner force distributions for distinct LR ranges, and to apply various force spectroscopy
(Jetlight), and i d in an ethanolamine solution (3.3 g of ethano-  models, as described®!®. For kinetic on-rate analysis, the BP (fraction of curves
Iamme m66m| ofDMSO) Tbry wcm wasb:d wnh DMSOand ethanol three showing binding events) was determined at a certain hold time (1) (the time the tip
d in NHS- smwnmmdlﬂlesurﬁc:) Thoud:nwmﬁnzdmdkpulmhtzdas
PE.G,‘-Ph -aldehyde solution (3.3 mg of it was dllm:d in 0.5 ml of and p 2. In brief, the relati between i time (7) and
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Fig. 5 Blocking of S1-subunit binding using ACE2-derived peptide on
living cells. a Box plot showing that the reduction of binding probability
measured the S1-subunit-derivatized tip and a mixed culture of A549 and
AS549-ACE2 cells upen injection of the [22-57]1 ACE2-derived peptide. The
square in the box indicates mean, the colored box indicates the 25th and
75th percentiles, and the whiskers indicate the highest and the lowest
values of the results. b Overlay of eGFP and DIC images of 2 mixed culture
of A549 and AS49-ACE2-eGFP cells. FD-based AFM topography images
(c, &) and the corresponding adhesion map (d, f) recorded in the specified
area in (b) (scanned with a scan angle) before (¢ d) and after (e, f)
incubation of the tip with the [22-57] ACE2-derived peptide. The frequency
of adhesion events is indicated. Data are representative of at least N=4
cells from N =2 independent experiments. P values were determined by
two-sample ¢ test in Qrigin. Source data are provided as a Source Data file.

BP is described by the following equation:

BP— A+ 1—::;{#)] ol

where A is the maximum BP and , the lag time. Origin software is used to fit the
data and extract 7. In the next step, k,, was calculated by the following equation,
with r.g the radius of the sphere, my, the number of binding partners, and N the
Avogadro constant

& L. d7risN,

@)
3yt

The effective volume V5 (477,5°) represents the volume in which the
interaction can take place. This results in a half-sphere, since only half of the S1
molecules can interact with its corresponding receptor on the substrate.

194

ptides and it ing assays. To assess the influence of peptides on
the S1-subunit-ACE2 interaction, binding probabilities were measured before and
after tip incubation with 1, 10, and 100 uM of peptide. Briefly, a first map was
recorded as described above (ie., force-volume mode, 1 pm/s approach and
retraction speed, ramp size of 500 nm, an applied force of 500 pN, resolution of
32 x 32 pixels, line frequency of 1 Hz, and hold time of 250 ms), then the peptide at
the appropriate concentration was injected, and 2 new map was recorded.

All the peptides ([22-44], [351-357), [22-57). and [22-44-g-351-357]) were
synthesized by Genscript (Hong Kong). Those peptides are designed according to
the sequence of the ACE2 receptor in complex with the RBD domain of the S1
glycoprotein.

FD-based AFM and flucrescence microscopy on living cells. An AFM (Bioscope
Resolve, Bruker) coupled to a confocal microscope (Zeiss LSM-980) was used to
acquire correlative images. The AFM was equipped with 2 15 piezoelectric
scanner. The AFM and the microscope were equipped with a cell-culture chamber
allowing maintaining the temperature (37 £ 1 °C). To keep cells alive, the humi-
dified (95 £ 2% relative humidity) synthetic air (80% N and 20% O,) was sup-
plemented with 5% CO; and filled continuously around the cell plate allowing to
diffuse into cell-culture media'®. Fluorescence images were recorded using a water-
immersion lens (x63, NA 1.20, Zeiss C-Apochromat). PFQNM-LC cantilevers
{Bruker) were used to record AFM images (~25 pm?) at imaging forces of ~500 pN.
The cantilevers were oscillated either at 0.25-kHz peak force frequency with a 750-
nm amplitude, 0.125 kHz with a 375-nm amplitude in the PeakForce Tapping
mode, or at 20 um s~ ! retraction speed in fast-force-volume mode. The sample was
scanned using 256 pixels per line (256 lines) and a frequency of 0.125 Hz. To study
the involvement of other receptors, cells were treated with cither 1 mM of 9-O-
acetyl-sialogycans or 500 M of cRGD. AFM images and FD curves were analyzed
using Nanoscope analysis software, Origin, Gwyddion, and Image]. Optical images
were analyzed using Zen software (Zeiss). The fluorescence intensity was measured
with Zen software (Zeiss). The same size of the area was taken on A549-ACE2 and
A549 cells. The average intensity of the area was calculated with Zen software. The
statistical analysis was performed with Prism (Graphpad).

Plasma membrane staining. Plasma membrane-CFP BacMam 2.0 {Invitrogen)
was used to check the co-localization of ACE2 protein and plasma membrane
according to the manufacturer’s protocol. In brief, 2 ul of plasma membrane-CFP
BacMam 2.0 per 10,000 cells was added on the cell-culture dish 16 h (37 °C) before
imaging, Z-stack image was recorded by confocal LSM-980 (Zeiss) using a water-
immersion lens (x63, NA 1.20, Zeiss C-Apochromat) and 445- and 488-nm

laser line.

Affinity measurements using BLL Affinity between the S1 subunit or RBD and
ACE2 was also investigated by BLI, using a Blitz* device equipped with amine-
reactive second-generation (AR2G) biosensors (Pall ForteBio). After hydrating the
biosensor for 10 min and performing an initial baseline (1 min), the biosensor
surface was chemically activated (5 min) by a freshly prepared 20mM EDC and
10 mM NHS (in milliQ water) solution. Then, ACE2 (0.025 pgpl~! in acctate
buffer, pH 4) was loaded onto the biosensor during 3 min and the reaction
quenched with ethanolamine 1 M (pH 8). After another baseline step (1 min in
PBS), binding of $1 subunit or RBD (0.1 mgmL~") was measured for 5 min.
Finally, the dissociation step (5 min) was performed in PBS. Data processing and
analysis were run using a routine provided by GraphPad Prism.

MD simulation between ACE2 peptides and 5 glycoprotein. The PDB (code:
6m0i)?® was used to perform a MD simulation between ACE2-derived peptides and
the SARS-CoV-2 spike protein complex. MD simulations were performed utlizing
the Gromacs =

fields in TIP3P vﬂler"ﬁ. The simulation system consisted of a pepnde a protein,
and water {about 20,000 molecules) in a cubic box that extended 10 nm from the
protein. -\ppmpnate amounts of sodmm!‘.h]ome ions were added in the system.
For starting the simul had to be developed as follows.
The steepest descent algomhm was performed either up to 50,000 steps or by
100 k] mol~! nm~L. Then, the environment of the system changed at 300 K (NVT
ensemble) and subsequently at 300 K and 1 bar (NPT ensemble). After developing
the environment, the Particle Mesh Ewald®” method was used to calculate the long-
range electrostatic interactions. Short-range dispersion interactions were described
by 2 Lennard-Jones potential with the cutoff of 1 nm. After reaching the equili-
brium of temperature and pressure, MDs were conducted for 60 ns at 300K and
1bar. The LINCS algorithm®® was applied to constrain the covalent bonds with
hydrogen atoms. The time step of the simulations was set to 2 fs. The interactions
above 10 A were regarded as nonbond. To determine whether a hydrogen bond
exists between a peptide and a protein in the MD models, 2 geometrical criterion
was adopted, in which the formation of a hydrogen bond was defined by both atom
distance and bond orientation. For example, assuming donor D, hydrogen H, and
acceptor A consists of D-H — A configuration. Then when the distance between
donor D and acceptor A was shorter than 3.5 A as well as the bond angle H-D - A
smaller than 60.0°, it has been regarded as a hydrogen bond. The hydrogen bonds
are counted for 55-60 ns while running the simulations.
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Synthesis of 9-0-acetyl-2-«x-0-propargyl-5C. 2-a-O-propargyl SC was synthe-
sized by the protocol described by Dashkan et al.*. This molecule was selectively
acetylated at the 9-position following the procedure of Ogura et al 40,

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The Source data underlying Figs. 2c. e-h, 3f, h, 4b, <, 5a and Supplementary Figs. 2,
6, 7 are provided as a Source Data file. All other relevant data are availuble from the
corresponding authors upon reasonable request. Source data are provided with

this paper.
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Supplementary Figure 1. Validation of surface immobilization. (a) AFM topography image of
an ACE2 coated surface after scanning a 1 um x 1 um area at high forces (~ 18 nN) to remove
the attached biomolecules. (b) Cross-section taken along the white dashed line in a. The
biomolecule-free surface inside the square was ™~ 6.1 nm lower in height than the surrounding
biomolecule-coated surface, providing an estimate of the thickness of the ACE2 deposited
layer. The experiment was repeated 3 times with 3 independent sample preparations.
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Supplementary Figure 2. Rupture length analysis. Histogram of rupture length for the (a) S1-
subunit — ACE2 interaction (N = 654 data points) as well as for the (b) PEG — ACE2 interaction
(N = 196 data points). Multipeak Gaussian fit reveal a maximum of the rupture force at 21 +

10 nm for the S1-ACE2 interaction and 15 + 8 nm for the PEG-ACE2 interaction. Source data
are provided as a Source Data file.
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Supplementary Figure 3. Probing $1 binding to ACE2 host receptor on model surface. (a) Full-
range (0-500 pN) DFS plot showing the distribution of rupture forces measured between S1
and ACE2 coated model surface (grey dots) with average rupture forces determined for seven
distinct LR ranges (b). Data points corresponding to single interactions are fitted with the Bell-
Evans model (black line), whereas the dashed line represent the predicted binding forces for
two simultaneous uncorrelated interactions (Williams-Evans model). The error bar indicates
s.d. of the mean value. (b) Force and LR were extracted from force-distance and force-time
curves and sorted in narrow LR ranges (LR1-LR7). The rupture forces for each LR range were
plotted as histograms and fitted with multipeak Gaussian fits. N = 1052 from 4 independent
experiments.
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Supplementary Figure 4. Probing RBD binding to ACE2 host receptor on model surface. (a)
Full-range (0-500 pN) DFS plot showing the distribution of rupture forces measured between
RBD and ACE2 coated model surface (grey dots) with average rupture forces determined for
seven distinct LR ranges (b). Data points corresponding to single interactions are fitted with
the Bell-Evans model (black line), whereas the dashed line represent the predicted binding
forces for two simultaneous uncorrelated interactions (Williams-Evans model). The error bar
indicates s.d. of the mean value. (b) Force and LR were extracted from force-distance and
force-time curves and sorted in narrow LR ranges (LR1-LR7). The rupture forces for each LR
range were plotted as histograms and fitted with multipeak Gaussian fits. N = 1490 from 4

independent experiments.
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Supplementary Figure 5. Biolayer interferometry data for the binding of S1-subunit and RBD

on ACE2 receptors. After a baseline, sensorgram starts with the association (at 60 s) of S1-
subunit (a) or RBD (b) on the ACE2 sensor, followed by the dissociation phase (at 360 s).
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Supplementary Figure 6. Fluorescence intensity of ACE2 transfected (A549-ACE2, green)
versus non-transfected (A549, grey) cells. The fluorescence intensity was measured with Zen
3.1 (Zeiss). The same size of area was taken on transfected cells (A549-ACE2) and non-
transfected cells (A549) and the average intensity of the area was calculated with Zen 3.1. The
statistical analysis was performed with Prism (Graphpad). One data point belongs to the BP
from one map acquired at 1 um/s retraction speed. The square in the box indicates mean, the
colored box indicates the 25th and 75th percentile, and the whiskers indicates the highest and
the lowest values of the results. The line in the box indicates median. N = 8 cells examined
over 3 independent experiments. P-value were determined by two-sample t-test in Origin.
Source data are provided as a Source Data file.
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Supplementary Figure 7. Histogram of force distribution extracted on A549 and A549-ACE2
cells (from Fig. 3e). N = 1362 curves on A549-ACE2 cells and N = 891 curves on A549 cells
examined over 1 independent experiment. Source data are provided as a Source Data file.
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Supplementary Figure 8. Injection experiment to block interactions between living cells and
integrins (a-d) or sialic acid (e-h) respectively. (a) Overlay of eGFP and DIC images of a mixed
culture of A549 and AS549-ACE2-eGFP cells. FD-based AFM topography image (b) and
corresponding adhesion maps (c,d) recorded in the specified area in a (scanned with a scan
angle) before (c) and after (d) injection of cRGD to block cell surface exposed integrins. (e)
Overlay of eGFP and DIC images of a mixed culture of A549 and A549-ACE2-eGFP cells. FD-
based AFM topography image (f) and corresponding adhesion maps (g,h) recorded in the
specified area in a (scanned with a scan angle) before (g) and after (h) injection of sialic acid
to block cell surface exposed integrins. The data is representative for at least N = 4 cells from

N = 2 independent experiments.
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[351-357]

EEQAKTFLDKFNHEAEDLFYQSS
EEQAKTFLDKFNHEAEDLFYQSSLASWNYNTNITEE
EEQAKTFLDKFNHEAEDLFYQSS G LGKGDFR
LGKGDFR

Supplementary Figure 9. Sequences of ACE2-derived peptides.

206

10



Appendix

]

Number of H-bonds

e

0102 % &%0 00 W0 20 M
Time (ns)

o » 8

Supplementary Figure 10. Steered Molecular Dynamics (SMD) of ACE2-derived peptides in
complex with the RBD. Conformation of peptide 22-44 (a) and 22-57 (c) in complex with the
RBD domain is simulated during 60 ns. During this time frame the number of H-bonds is
monitored (b, d).
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